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ABSTRACT
In this investigation a wide range of disorder has been studied 
in various solid materials. It has been shown that normally brittle 
materials, including diamond, could be deformed mechanically, and the 
retained strain relieved by annealing. However, a far greater degree 
of disorder was exhibited by materials subjected to conditions severely 
restricting crystal growth.
Conventional X-ray line broadening methods were used for the 
analysis of the disorder induced in the brittle materials. As these 
analytical methods were inappropriate in the other cases, the potential­
ities of diffraction computation, based on the Debye interference function 
were studied, with particular reference to Raney nickel.
Alignment order also formed an important micros truetural feature 
of several of the materials investigated. In cortical bone the texture 
was found hardly to vary in the bones examined. The textural changes 
produced by the severe cold-rolling of polyethylene were modified by 
the addition of several types of branches, whilst the internal texture 
of shock-quenched diamond particles indicated the structural relationship 
between the synthetic diamond and the parent graphite.
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CHAPTER I
INTRODUCTION
1.1 General Introduction
Over the past fifty years there has been an ever increasing
interest in the defects occurring in crystalline solids. Since the work
of Savart it has become evident that many properties of crystalline
materials are structure sensitive, and so detailed studies have been
carried out on the nature of the defects and their role in the behaviour
of solids. The scope of the studies has become very extensive although
most published work, both of a theoretical and experimental nature, has
been devoted to crystals having least disorder, for example, crystals with
low dislocation densities.
Lattice disturbances are of various kinds and complication ranging
from thermal vibrations to dislocation networks and faulty chain-folding
in polymers. They can arise from a variety of causes. Whatever the
conditions of crystal growth, some occur naturally and are thermodynamically
stable. A number of others are produced by mechanical treatments, especially
various cold-working processes such as filing, rolling, drawing or grinding 
(2 3 4 5)* * * . They can also result from various photon or particle irradiations
(6). Highly deformed materials are found to possess increased energies
(78)although the increases have been found to be quite small . Very
defective structures are invariably accompanied by small crystallite sizes
and the energy increases have been ascribed both to the existence of the
defects and the large specific surface areas associated with the small
(9)crystallite sizes . These energy increases may, nevertheless, be 
sufficient to modify the physical and chemical properties of solids and 
examples include the changes in the electrical properties of semi-conductors
when subjected to large dosages during particle irradiation and the 
reduction of activation energies for many chemical reactions in mechanically 
deformed polycrystalline specimens. The resulting lattice disturbances
amoeramj.1 uy . xue j.ciocex- uype ui uxiange, however, is very important 
since it can be obtained in small crystal samples from every type of 
material and it has been widely exploited in powder metallurgy and 
similar technologies.
examination of the structure of solids. Whilst many other methods, 
sensitive to the presence of defects in nearly perfect crystals, have 
been extensively used, especially for the examination of metals and 
semi-conductors, only X-ray diffraction can be employed over the whole 
range of defect concentration and for all types of material. Sometimes, 
partial information on the defect structure of materials can be obtained 
from various forms of spectroscopy but, in common with electron beam 
methods, it is generally unresponsive to the presence of large defect 
concentrations. Electron microscopy and diffr'action can, however, in 
some cases, reveal certain structural details which are lost in X-ray 
diffraction patterns since they record the effects corresponding to a 
mean which is weighted towards the larger regions of well ordered material.
Generally, the interpretation of X-ray diffraction patterns from
solids has been based on the concept that the solids are essentially
crystalline so that defects in their structures produce displacements in
the positions of the atoms and the effects of such displacements on the
scattered radiation has been considered by several workers 9^ ^ . These
treatments have been confined mostly to the cases in which the concentrations
(17)of defects have been small although Jagodzinski has considered the
can lead to dissociation of chemical bonds (10) or cross-linking, 
on rates and
(11)
increases in corrosi
X-ray diffraction has become the most widely used method for the
complex nature of the statistical treatment of atomic position correlations
in general disorder phenomena. It has also been recognised that the shapes
of the intensity profiles of the scattered X-rays are also affected by the
(l8)sizes of the scattering entities . Substances giving intensity profiles
with very broad reflections are not treated as having structures which
contain high defect concentrations, but as having structures composed of
small particles or crystallites, or possessing some kind of domain structure
within the particles or polycrystalline aggregate so that the domains
(l9 20)diffract incoherently with respect to each other * .
Several methods of X-ray line broadening analysis, based on the 
concept of mildly deformed mosaic structures have been developed. The 
analyses are carried out either as line profile shape analysis by means 
of either Fourier 0r variance methods or in terms of integral
(22)breadths c The methods have been adapted to give information on
/ \ / pr j
specific types of defect such as stacking faults * , dislocations ,
(26)mosaics , etc. and have been used in investigations over a wide 
range of materials. They have been used in studies of the cold-worked
( 0 7  p p )
state in pure metals and alloys 9 and the temperature dependence 
of residual strain in ionics (29,30)^  oxides (^1,32)^  and carbides (53,34,35)f
( 'ZC rcrj \
and the defect structure of polymers ' . They have also been used to
measure the energy contributions arising from the residual strains and small
sizes of deformed crystals to the reduction of sintering temperatures, to
(38,:
(40)
(^ P )
the promotion of phase transformations 9 , and to changes in the
activation rates of anodic dissolution
Whilst there appears to be reasonable agreement among the various 
methods of line broadening analysis (^1,42)^ especially for microstrain 
values, all the methods suffer from the limitation that they are inoperative 
when the profile resolution is poor, the lines being very broad and overlap­
ping just when defect interest is greatest. In practice, it has been
found that increases in microstrain values were always accompanied by 
decreases in crystallite size, the maximum and minimum values reported 
being about O.lfo and 100 2 respectively for both powders and polycrystalline 
aggregates. Such values have been ascribed to saturation of residual 
lattice strain and they represent a limit to the deformation that may be 
imparted by mechanical methods, such as ball-milling. They may, however, 
also be connected with the limits of profile resolution mentioned above.
A number of solid materials, however, show such poor crystallinity, 
as judged by their X-ray diffraction patterns, that these line broadening 
analytical methods are inapplicable. The X-ray patterns of many polymers 
indicate the simultaneous existence of a ’crystalline*, a 'liquid' and an 
'amorphous* phase in one and the same pure material. Discrepancies between
the crystallite sizes indicated by X-ray diffraction and those observed
(43) (44)
by means of electron microscopy or small angle scattering , have
led, in the case of some carbons, to the proposition of structures comprising
large but defective domains rather than small domains diffracting 
(45)incoherently .
However, attempts have been made to provide a generalised theory 
of X-ray diffraction by matter, whatever the degree of order among its 
constituent atoms. Hosemann and Bagchi (^0 proposed such a theory
based on a most generally defined 'lattice' or the paracrystalline model. 
Depending upon the amount and kind of statistical disorder in the lattice 
cell, one can simultaneously obtain from one and the same phase in a 
material, both sharp reflections and diffuse bands together with appreciable 
background. Hosemann has postulated tht real crystals are subject to two 
kinds of distortion, referred to as distortions of the first (i) and second 
(ll) kinds. In structures subject only to distortions of the first kind, 
long range periodicity (order) is preserved, the distortions therefore 
being displacements of the structural elements (atoms, monomer units) from
the equilibrium positions prescribed by ideal lattice points. Distortions 
of the second kind (paracrystalline distortions) cause the loss of long 
range order and each lattice point varies in position only in relation to 
its nearest neighbours and not in relation to ideal lattice points.
Although the paracrystalline theory has greatly contributed to 
the understanding of X-ray scattering by semi-crystalline materials of 
all kinds, a number of difficulties have arisen. Whilst it may be applied 
to one-dimensional systems without involving any questionable assumptions 
or supplementary hypotheses, when applied to two- or three-dimensional 
systems, it becomes necessary to introduce certain questionable assumptions. 
In particular, the neglect of statistical correlations between the various 
lattice fluctuation vectors is unrealistic for linear polymers as they 
possess strong primary valence bonds within the molecular chains but 
comparatively weak forces between them.
Another order-disorder factor that has to be considered when studying 
the behaviour of polycrystalline aggregates is the relative alignment of 
their constituent crystalline regions. This alignment order, known as 
preferred orientation or texture, can have a profound effect on a number 
of the properties of a specimen, such as thermal conductivity, mechanical 
properties, etc. Preferred orientation, which can be induced in solid 
materials by appropriate mechanical and thermal treatments, may also occur 
from a great variety of causes. These include sedimentation layering of 
plate-like crystals and preferential crystal growth parallel to a specific 
crystallographic direction, the growth being either from an oriented 
substrate or with the crystals having a particular crystallographic axis 
parallel to the direction of maximum thermal gradient. Electro- and vapour 
deposition also tend to give similar textures. The main cause of preferred 
orientation in commercial materials, however, is plastic deformation 
produced by forming processes such as drawing, rolling, pressing, etc.
Anisotropy in plastic behaviour can lead to serious difficulties in 
fabrication although some of the more undesirable effects can be minimised 
by appropriate pre-treatments.
In biological substances, large molecular species are often encountered. 
These are often in crystalline or semi-crystalline form, exhibiting preferred 
orientation which may play a vital and specific role during growth and the 
subsequent function of the molecule in its environment. Preferred orientation 
also affects the functioning of a member within the whole organism, e.g. 
both the disposition of cellulose into layered structures within tracheids 
and the dispositions of tracheids relative to the tree members are directly 
related to their mechanical support, nutrient transport, etc. and consequently 
are vital to the growth and sustained health and development of the tree. 
Likewise, in animal bones, preferred orientation relationships between 
the micro-structural units are fundamental to the various functions of bones.
Preferred orientation can be measured by a variety of methods among
which are birefringence, sonic velocities, polarised radiations of various
kinds and electron and X-ray diffraction. X-ray diffraction is the most
universally used method for the description and measurement of preferred
orientation. After the collection of diffracted X-ray intensity data by
(47)counter recording, preferred orientation may be represented graphically
(48) (49)by drawing pole figures whilst orientation functions have been
proposed as quantitative specifications of texture. For many types of
deformation, metals generally produce textures which are more complex than
those obtained from polymers because the structures of the latter are
dominated by the constituent long chain molecules.
The primary aim of this work was to investigate the amount and 
type of disorder in a number of materials, some forms of which show very 
poor crystallinity. It was hoped that this investigation would give some 
indication of the effect of the various types of lattice disturbances on
the physical and chemical properties of the solids and also some information 
about the crystallisation mechanisms by which the defect structures were 
formed.
One reason for the choice of most of the materials selected for 
examination was that, under certain conditions of solidification, they 
showed poor crystallinity. They are often the products of processes 
involving extreme physical conditions, such as the rapid passage of a 
very large pressure and/or a very high temperature through the sample, or 
they are the products of rapid chemical reactions. On the other hand, well 
developed crystallization of a substance may be inhibited by the complexity 
of the system from which it derives, either being biological or macro- 
molecular by nature or possessing abnormal thermodynamical characteristics. 
Examples of such materials include many forms of carbon, either as coal 
products or shock-quench synthetic diamond, catalytic materials, synthetic 
and natural polymers, and the products of plasma arcs and of phase trans­
formations induced either mechanically or thermally.
In these cases, the X-ray diffraction line broadening is so large 
that considerable overlapping of the Bragg reflections occurs and the inter­
pretation of the X-ray patterns, using the methods described earlier, becomes 
very difficult. This has been shown in the case of some Raney nickels 
in which investigation, assumptions had to be made about shapes and relative 
intensities of the reflections.
One method of interpreting X-ray diffraction patterns which show
very large line broadening is the comparison of the observed profiles with
(5l)those computed using the Debye interference function .
This function is a fundamental one and has been used directly by
(52) ” (53)
Tiensuu et al. and Ergun et al. to obtain the diffraction, profiles
for very small crystals of various aromatic, hydroaromatic and tetrahedral
structures of carbon. This function is directly related to the radial
(54)electron distribution function derived by Zernike and Prins . With
suitable modifications, the distribution function has been used in
X-ra;
(56)
(55)ay diffraction by Warren et al. and also in electron diffraction
to find the numbers of neighbours in structures consisting of several
(54)atomic species. Zernike and Prins also founded the theory of
distortions of the second kind, as applied to X-ray scattering by liquids, 
which, together with a number of polymers, show this type of distortion.
It was considered tint, from the nature of the Debye interference function, 
profiles could be computed for a wide range of structural characteristics 
of the diffracting solids. Many of these characteristics, particularly 
various types of defect, have not been the subject of previous computations. 
The method can also be used to obtain information about structural features 
not normally considered to lie within the purview of the more established 
methods of X-ray line broadening analysis.
Accordingly, a survey of the potential of the method was conducted 
to find out the effects of both variations in crystal size and shape and 
the inclusion of various types of lattice defect on the intensity profiles 
of the scattered X-radiation. This survey was carried out primarily with 
regard to nickel since this element, on account of its structural symmetry, 
gives a simple X-ray pattern, and comparison could readily be made between 
the computed and observed profiles. " ■ .
The choice of materials which can be obtained in forms showing great 
disorder, was restricted for several reasons. The material should give,
O
as far as possible, fairly simple profiles or th^se which could be readily 
disentangled. This meant that, preferably, a single-phase material was 
selected. Reproducibility of sample required the material to be in good 
supply. Choice was also made to include most types of bonding and 
materials of considerable academic and technological interest. The materials 
selected were catalytic nickel, diamond, alumina and ceria, bone and some
branched polyethylenes.
Apart from being used in many alloys, including those of magnetic
application, nickel has been prepared in catalytic form, mostly as Raney
nickel, which has been employed extensively for hydrogenations over a wide
range of pressures, for desulphuration, dehalogenation and other reactions.
Many investigations have shown that catalytic activity is increased with
(57 58)increasing deformation 9 and attempts have been made to obtain 
information about the mechanisms of catalysis. It has been proposed that 
the catalytic activity is localized at regions of imperfection on the 
surfaces of catalysts. Studies of the defect structure of nickel both in 
powder catalytic forms have been carried out but most studies
involving X-ray diffraction have been limited to materials having crystallite 
sizes greater than 50 2 (^l)^ Some Raney nickels, however, have crystal 
sizes well below this value and it was decided to investigate the defect 
structure of this material since the X-ray diffraction pattern from 
material such as this is difficult to interpret.
Since very little work has been reported about the defect structure
/ gp \ { \
of polycrystalline diamond, either in powder or aggregate form
it was considered that, in view of its importance as a machining and grinding 
medium, some knowledge of its deformation behaviour could be advantageous. 
Samples of natural diamond dust were heavily deformed by ball-milling and 
observations were made on both the strain relief behaviour brought about 
upon annealing and some preliminary sintering characteristics. A synthetic 
diamond aggregate, similar to carbonado, has very small crystallite size 
but little has been reported about its defect structure in view of
the novel method of synthesizing this diamond, the material is of 
considerable interest since three carbon polymorphs are involved. The 
shock-quench technique transforms graphite to either the hexagonal or cubic 
forms of diamond, and it was hoped that a study of the product might provide
some information about a transformation in which such large structural 
changes occur.
Sintering is widely used in the fabrication of ceramic articles or 
components and one of the factors that affect the sintering behaviour of a 
material is its defect structure. Many studies have been made on the 
structural changes that accompany various mechanical and thermal treatments 
given to various ceramic materials. In most cases, however, the possibility 
of anisotropic variation in the deformation behaviour of the material was 
not considered, and so two ceramics were chosen with this possibility in 
mind.
The two materials selected were the ceramic oxides, alumina and 
ceria. Although both/high temperature refractories, they have very different
tv
properties. Alumina is among the most stable of compounds and is a very 
good insulator. On the other hand, ceria is unstable at high temperatures 
and has a comparatively high conductivity. The tensile modulus of the 
former ceramic is about three times that of the latter.
Corundum (a-alumina) is the stable form of alumina, and is 
obtainable from all aluminium hydroxides (aluminas) by prolonged heating 
at temperatures above 1100° C. The aluminas have been extensively studied, 
but considerable difficulties have arisen in obtaining agreed conclusions 
about the various defect structures of the products of thermally treated 
aluminas because of the large number of variables involved and the complexities 
of the transitions. On account of its wide use in many industrial and 
technological applications the various behaviours of corundum have also 
received considerable attention it was proposed to study the
effect of temperature on various cold-worked conditions of alumina powder.
Ceria, a rare earth oxide, is to be found in far fewer applications.
In ppwder form, it is used as an abrasive in the polishing of optical glass 
and as a glass decolourizer whilst in sintered form it could be used as low
resistivity semi-conductors for electric heating in oxidising atmospheres.
Although the structure of ceria is that of the cubic fluorspar, and so has
a symmetry higher than that of the trigonal corundum, it nevertheless
causes the intensities of the higher order X-ray reflections to be very
small. This reduces the accuracy of both the integral breadth and line
profile analytical methods and restricts the possibilities of investigating
any anisotropy present in the defect structures. The majority of the
investigations of the cerium oxides have been concerned with the defect
structures of non-stoichiometric CeCh (66,67)
2-x
Bone has received a considerable amount of attention from many
disciplines other than biology. Bone serves a number of biological
functions, all of which are related closely to its microstructure, which
reveals that bone may be regarded as a composite material whose main
constituents are the organic, collagen and the mineral, apatite. The two
phases are readily distinguishable, both having defective structures and
both showing preferred orientation, the apatite c-axes lying parallel to
the collagen fibres. Although the defect structure of apatite has received
attention, there appears to be divergence of opinion as to its nature and
also the sizes and shapes of the crystalline regions. One extreme opinion
even doubts whether any crystalline apatite exists in bone ’in vivo’
Other workers have made proposals about the crystallization and defect
state of bone apatite from apatites produced ’in vitro' (^9>70)^  ^  some
cases the apatites being grown on to collagen bases. However, it was felt
that, if possible, it is better to use bone itself for any investigations
on its defect structure. There have been hardly any reports of measuremg&ts
(7l)of bone apatite defect structure from X-ray diffraction measurements,
the line broadening being invariably attributed to crystallite size effects 
only (72,73)^ Consequently it was decided to use X-ray diffraction methods 
in an attempt to ascertain the nature of and measure the crystalline defects
present in bone apatite.
Preferred orientation is also an important feature that is revealed
in the microstructure of bone. The texture of both the organic and mineral
bone constituents have been observed by many methods but little systematic
(74. ^
work has been reported using X-ray diffraction methods 9 * It was
therefore decided to measure the preferred orientation in a number of 
bones to investigate whether there were marked variations between bones, 
or parts of bones, that have different load-bearing characteristics.
Polymers are noteworthy in that they all show defect structures 
and that it is virtually impossible to produce samples not showing 
preferred orientation. Variations both in the conditions of polymerisation 
and in the subsequent thermal treatments are the main factors underlying 
the wide range of order observable in polymers. These variations produce 
changes in a number of structural features such as molecular weights, 
molecular weight distributions, branching, crystallinity, crystallite 
sizes and perfection and unit cell dimensions, all of which affect the 
behaviour of a polymer.
The importance that is attached to the behavioural dependence of 
polymers on the degree of order in their structures is emphasised by the 
large number of studies that have been carried out on crystallinities
(7 A  7 7  7 0 ^  ( 7 1 7  ^
' 9 f lattice distortions and crystallite sizes 9 . A  number
of interdependancies such as the effect of branching on crystallinity
(79)has also received attention .
Texture considerably modifies the behaviour of bulk polymers and 
its role, particularly with respect to mechanical behaviour, has been 
investigated, particularly in the case of polyethylenes of different 
densities. Mechanically induced changes in texture have provided information 
on various deformation mechanisms. Analysis of the textures produced by
plane strain deformation such as rolling or compression-orientation J
shows that both chain slip and transverse slip may operate simultaneously 
on a common slip plane*
In the studies made on the various aspects of defect structure 
mentioned above, each aspect has generally been treated in isolation and 
so it was proposed to carry out a survey of the defect structure of a low 
crystallinity polyethylene to which a number of different types of branching 
had been added. It was intended to observe how the structures were modified 
by each type of branching, the proportion of branching and how, for each 
combination of type and proportion, the structures were changed as functions 
of temperature. It was also proposed to examine the rolling textures of 
these polyethylenes before and after annealing and to obtain information 
on modifications to the usual rolling deformation processes by the addition, 
of the branches.
1.2 Summary
The order of presentation of work in this thesis follows the 
increasing complexity of the disorder that has been observed in the 
materials selected. The next two chapters are devoted to the deformation 
and annealing behaviour of representatives of two types of brittle material, 
the ceramic oxides and diamond. The deformation in these materials was 
limited to that which can be induced mechanically. The microstructure 
of a synthetic diamond has also been described. The X-ray diffraction 
patterns from these materials were interpreted using the established methods 
of line broadening analysis. These methods were, however, found unsuitable 
for Raney nickel and so an investigation of the potentialities of profile 
computation, based on the Debye interference function, was made for such 
cases. The last two chapters describe studies of disorder in bone apatite 
and branched polyethylene. In these materials, the greater complexity
shown in their microstructures is compounded by varying degrees of align­
ment order.
The main difficulty encountered in this work has been conceptual 
rather than experimental. Earlier theoretical disorder treatments, such 
as that of Warren and Averbach, based essentially on the concept of the 
perfect optical diffraction grating, modified by grating size and misrulings, 
are simply inapplicable to polymers and biological materials. In this 
work it is hoped that some new ideas have been evolved but it would appear 
that some authors do not appreciate the need far new ways of thinking 
about disorder. Hosemann is a notable exception to this.
CHAPTER 2
ALUMINA AND CERIA
2.1 Introduction
Although ceramics is probably the most ancient of man's technical 
activities, the manufacture of primitive pottery preceding the use of 
tools and metal working, both the explanation and prediction of the 
behaviour of clays have proved difficult. By contrast, the single phase 
systems encountered in metals have permitted an earlier understanding of 
the laws and relationships governing the properties and behaviour of 
metallic materials. Analogous behaviour in the two types of material 
have been observed. For example, increase in hardness, effected in metals 
by alloying with softer metals has also been achieved in oxide systems by 
making solid solutions of softer oxides. Consequently, the study of 
single systems is fundamental to the understanding of the behaviour and 
manufacture of ceramics, particularly oxide ceramics.
The essential feature of all ceramic products are their manufacture 
from inorganic materials, the use of the initial material in powder form, 
the moulding of the initial powder to a desired shape and the baking 
(sintering) of the green body at a high temperature, below the melting 
point of, at least, the most refractory component. It follows that the 
quality and performance of any ceramic product depends upon the sintering 
characteristics of the components. Amongst the factors contributing to 
the sintering behaviour of powders are the green density of the compact, 
the presence of a flux, the atmosphere and the microstructure of the 
initial material. Accordingly, the need far the characterization of 
ceramic powders has been recognised and a number of characterization 
studies have been made, particularly of alumina and magnesia.
The two oxides selected for such studies were alumina . and ceria.
They have very different properties. Alumina is among the most abundant 
of the constituents of the earth's crust, although pure alumina in the 
form of corundum ( a-AlJX,) is rare. Corundum is a very stable
2 j
material showing high refractoriness, high strength and hardness, and
is also a good electrical insulator. By contrast, ceria (CeO^) is
relatively rare as a naturally occurring material. Although its melting
point is considerably in excess of that of corundum, it is a basic
substance and is comparatively easily reducible. Ceria is a poor
electrical insulator.
In view of the relative properties of these two oxides, the uses
of ceria in various technical applications have been few in number whilst
those of alumina have been many, including its use as a refractory material
for components for furnaces, as electrical insulators and as tool tips.
Consequent upon its technological importance, the amount of work on
alumina has been very extensive indeed, whilst little work, even of a
fundamental nature, has been reported for ceria. Many extensive
characterization studies carried out on ceramic powders, particularly 
(82)alumina , have not included the use of X-ray diffraction to provide
information about the defect state of the materials. It appeared appropriate,
therefore, to investigate the deformation characteristics of the powders
of these two oxides, particularly with regard to variations with temperature.
( 83 )Whilst an investigation of this nature was carried out by Lindley , 
who studied strain relief in alumina as a function of temperature, the 
present work on the two oxides describes the anisotropic behaviour of these 
two oxides.
2,2 Alumina (corundum)
Alumina is a brittle material with a low impact resistivity of
some 1.05 cm.kg, compared to that of steels, 250 cm.kg. At normal
temperatures and moderate stresses, plastic deformation does not occur.
The brittle/ductile transitions occur in the regions of 900 to 1000° C
for single crystals and 1300 to 1400° C for polycrystalline specimens
The deformation behaviour of alumina has been extensively
investigated, particularly plastic flow in macroscopic single crystals,
usually synthetic sapphires, at elevated temperatures. Wachtman and
Maxwell and Chang have studied creep in corundum, the former
authors observing basal slip at temperatures as low as 900° C. Conrad 
( 87 )et al. have investigated the temperature and rate dependence of
plasticity of corundum between 900 and 1700° C whilst Klassen-Neklyndova 
(88)et al. have studied the deformation characteristics and mechanisms
of sapphire single crystals of different crystallographic orientation 
at temperatures between 1500 and 2000° C.
Irradiation damage in sapphire was measured by Martin who
reported lattice expansions of nearly 500 and 400 ppm parallel to the 
c~ and a-axes respectively for slow neutrons. ' These corresponded to
(90)defect concentrations some 40x smaller than those predicted. Gulden
reported on the radiation effects in oxygen bombarded sapphire.
Plastic deformation has, however, been observed at room temperature
(91)under abnormal conditions, Rozhanskii et al. have reported local
plastic flow near diamond indentations whilst creep has been observed 
(92)
by Bridgman under an extremely high hydrostatic pressure.
(93)From electron microscope studies, Barber and Tighe have
observed that brittle behaviour still takes place at 1200° C with crack 
propogation. At much higher temperatures, plastic flow proceeds with
slip occurring within - well-defined slip bands within which dislocations 
are located. The dislocation densities were low with few dislocation 
tangles. The dislocations were {1120} and dislocation dissociation 
was dependent upon previous history. Point defects were generated by 
100 keV electrons at temperatures in excess of 1500° C.
A number of studies on the deformation characteristics of poly-
(94)crystalline a -alumina have also been reported. Coble and Guerard 
have investigated creep in polycrystalline alumina rods whilst the impact
strength and torsional properties of sintered alumina have been measured
(95) (96)by Kingery and Pappis ' and Ryshkewitch respectively. X-ray
(97)micro-beam studies of the fracture surfaces of sintered alumina rods
showed considerable superficial distortion, Heuer et al, ^ 8) f0pj_0wed 
the behaviour of hot-worked polycrystalline a-alumina.
Electron microscopy has also been used in investigations of the
(99)behaviour of sintered alumina. Becher V showed the presence of 
dislocation networks and twinning in the sintered material. Above 
1420° C, dislocation motion was an important mode of deformation and 
observations of <1120> and <1011> dislocations suggested ductile 
behaviour at elevated temperatures. Hockey observed that the wear
surfaces of alumina, abraded with 25 micron diamond, contain high dislocation 
concentrations and that annealing produced relief of compressive forces 
with re-arrangement of the dislocation pattern.
Using X-ray line broadening methods, Lewis and Lindley 
measured the residual strain in alumina powder after cold-working by 
milling and strain relief by annealing. Sarker and Towner (-^2) 
a similar study with electron microscope and electron diffraction obser­
vations. Bergmann and Barrington studied the effects of explosive
shock waves on several ceramic powders, including alumina, whilst Heckel
(104)
and Youngblood made a more extensive X-ray line broadening study
on such powders.
The dynamics of plastic deformation in corundum by < 1120> { 0001}
Kronl 
(106)
basal slip and twinning have been discussed by nberg and other
deformation modes have been reviewed by Heuer
In only one of the X-ray studies, however, was there any consider-
(97)ation of anisotropy in mechanical behaviour. Guard and Homo , from 
observations on different hkl reflections, concluded that fracture 
distortion at the zone nearest the fracture surface proceeded by basal 
and non-basal slip in those grains through which the fracture crack 
passes, whilst in the deeper zone distortion results from basal slip 
alone. It seemed reasonable, therefore, to extend the study of 
anisotropy in deformation behaviour in alumina powders to types of 
deformation other than fracture.
2,2.1 Experimental Details
High purity a-alumina (corundum) powder was deformed using a
Glen-Creston M 280 vibratory mill, the grinding cylinder and percussive
>
balls of which were also made of alumina. Tests were made to ascertain 
the optimum powder charge to be used in the grinding cylinder in order 
to obtain the maximum deformation consistent with an amount of powder 
sufficient for X-ray examination and annealing procedures. Several 
2 gm batches of powder were deformed, each to a different amount, by 
varying the times of grinding. From each batch of milled powder, samples 
were annealed at different temperatures for a period of 1 h. The range
* B.D.H. Analar grade
of annealing temperatures extended from room temperature to 1500° C.
Prolonged annealing of a sample of milled powder from batch 1
was carried out at a temperature of 750° C. This temperature was selected
as being one near the centre of the region of microstrain relief and
(3l)also near the onset of caking .
The microstrains, and corresponding crystallite sizes, were
measured, both for the cold-worked and the annealed samples, using X-ray
line broadening methods. Chart recorded profiles yjere obtained using a
Philips powder diffractometer with M-filtered CuKa radiation. The
slowest scanning speed of * °/min in deviation angle, 29, was chosen.
Rachinger's method was used for the separation of the K( a  ^)
and K( a 2) contributions to the recorded reflections.
The integral breadth method of Wagner vzas selected for this
work, since in the most deformed cold-worked state in particular, the
alumina X-ray diffraction pattern exhibits not only broadened lines but also
overlapping of reflections sufficient to prevent the resolution required
either in the multiple orders used in Fourier analysis or for the
variance method. In the Wagner method, the broadening, p , due to thes
>
presence of microstrains and due to the reduction in size of the coherently
diffracting domains, is obtained by subtracting the instrumental broadening,
# *
P , from the total broadening, p^, by means of the equation
* * (e*)2
p! = p; -  L   . (1)
*
where
6 cosQ 
r 0
X
p = integral line breadth;
0 Bragg angle corresponding to the peak of the reflection;
o
X wavelength of X-rays
Values for the microstrains PF, crystallite sizes, I) , are
obtained using the equation
1
16 h k l 0
(2)
X'2
Plots of (Ps)2 against I = (2 sin6o/X)2] are made, and
multiple orders must be used, so that the microstrains and crystallite 
sizes in particular directions are obtained individually. The slopes
three reflections were found to offer two orders of reflection suitable 
for this method of analysis. These, referred to the hexagonal system, 
were 0112, 1120 and 1123*
Diffractometer traces were also recorded under the same conditions
as stated above for explosively deformed alumina powder and for a mono­
lithic alumina block, one side of which had been abraded with a diamond 
wheel impregnated with 10 micron grit. The traces from the explosively 
deformed powder were interpreted using the Wagner method but, because 
of the low absorption of copper Ka X-radiation by alumina, only the 
first pair of multiple orders, viz. 1012 and 2024 were used in the case 
of the alumina block. Since the effective depth of specimoa contributing 
to the 2024 reflection is twice that for the 1012 reflection, and the 
deformation produced by cold-working with the diamond wheel was relatively 
small, it was appropriate to use the variance method of line broadening 
analysis.
2 / *\2 
of such plots give 4e ,, _, and the intercepts on the (p ; -axis give
nKl s
(l/DPP) . Because of intensity considerations and overlapping, only
v 2 X 7In the variance method , the intensity I (a) at any point
in a powder diffraction profile is multiplied by the square of the angular 
distance (a ) of the point from the centre of gravity of the profile and 
the product integrated point by point across the reflection. The 
variance W(20) is obtained by dividing the complete integration by the 
integrated intensity of the reflection according to the equation
/ I (a) a2 do (3)
f I (a) da
The integrations were carried out using a computer. In the variance 
method, the values of the instrumental corrections can be subtracted 
directly and the contributions of crystal size and strain to the variance 
are simply additive. For a crystal of size Dw and having a microstrain 
e , the variance of the profile is given by
W(20)
where K and L are the Scherrer and taper constants respectively.
The values of these constants for various (hkl) planes and different 
crystal shapes have been given by Wilson The expression represents
a straight line W(20) vs. A 2 0 the crystallite size (DW) being given 
by the slope
K X________'
2tt2 Dw Cos6 ' v o J
K X A 2 9 
2 tt 2 DW CosG 2 77 DW Cose
+ 4<e2>Tan2e (4) o
\*/(29)
and the micro s'train being obtainable from the intercept
277 DW Coseo
2
>  ^  9 9
+ 4 <e > Tan e ]Oj •
2.2.2 Results
Figure 2.1 shows the variation of microstrain and crystallite 
size with milling time. ‘The figure shows three sets of curves, one for 
each set of reflections.
An examination of the three sets of curves reveals the existence 
of anisotropy both in the microstrains and crystallite sizes, produced 
by the ball-milling of the powder. The greatest microstrains and 
crystallite sizes were obtained for directions normal to the (0ll2) 
planes, and the least for directions normal to the (1123) planes.
Figure 2.1 shows that prolonged grinding above about 30 hours
produced no further increase in microstrain ( e ) or reduction in crystallite 
t PF-vsize ) indicating a strain saturation under the particular milling
conditions employed. Table 2.1 shows the ratios of the microstrains 
for the three sets of reflecting planes in respect of three cold-worked 
conditions of the powder. These were for batches of powder milled for 
6, 13 and 30 hours respectively,. and are indicated by the lines a),
(2) and (3) in Figure 2.1, and are referred to in Table 2.1 as batch 1, 
batch 2 and batch 3.
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Fig. 2.1 Corundum - variation of microstrain (e) and
PFcrystallite size (D ) with milling time.
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Table 2.1
Ratios of microstrains and crystallite sizes in 
different crystal directions
e0112^e1123 e1120^e1123 ^0112^1123 DH20^D1123
Batch 1 1.5 X. 1 1.6 1.1
Batch 2 1.4 1.1 1.5 1.2
Batch 3 1.4 1.1 1.3 1.1
Figure 2.2. shows the variation of microstrain and crystallite 
size with temperature for batch 1 and includes curves for the three sets 
of reflections. Below 500° C, only a small amount of microstrain was 
relieved, with little increase in crystallite size. The rate of micro­
strain relief increased above this temperature, and in the range 600 to 
1000° C, a maximum was reached. The whole process is similar to that 
observed during the annealing of metals. Crystallite sizes increased 
from the initial values of about 200 to 300 2 in the cold-worked state, 
to about four times those values, at temperatures in excess of 1250° C.
As the annealing temperatures were increased, the differences 
between the microstrains and the crystallite sizes for these two sets of 
planes were reduced. This indicates tbsfc high temperature annealing 
produced a powder of isotropically and weakly strained crystallites, 
which were approximately equiaxed.
Similarly shaped curves were obtained for the other two batches 
of powder, having different initially induced microstrains.
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Fig. 2.2 Corundum - variation of microstrain (e) and
crystallite size (DPF) with annealing temperature. 
Filled symbols, microstrains, open symbols, crystallite 
sizes.
Figure 2.3, shows the variation of microstrains and crystallite 
sizes as a function of time for prolonged annealing at 750° C. An 
exponential relationship appears to hold.
The anisotropic variations in microstrain and crystallite size 
for the explosively deformed alumina powder are indicated on the two 
respective vertical axes in Figure 2.1. These show that the variations 
in microstrain and crystallite size in the case of explosive deformation 
follow the same sequences as occur in hall-milling. The values of 
microstrains and crystallite sizes correspond approximately to those 
obtaining for batch 2.
The values of microstrain, obtained by the variance method, for
-3 -3the abraded surface of the alumina block were 0.88 x 10 and 0.36 x 10
for the 0112 and 0224 reflections respectively and the corresponding 
crystallite sizes were 500 and 800 2 .
2.2.3 Discussion
As described earlier,alumina, because of its low impact strength,
is generally considered to be a brittle material at room temperature.
>
However, low temperature plastic flow has been reported for massive
specimens. For example, deformation twinning has been observed at
temperatures as low a^ -196° C and. under conditions of hydrostatic
(92)compressive stresses , whilst slip bands have been seen to result 
from room temperature wear experiments X-ray microbeam studies on
polycrystalline alumina have shown that fracture is accompanied by plastic 
flow. It was found that the highly distorted regions extended to a depth 
of some 10 pm, and the less distorted regions to about 60 pm. In all such 
cases, however, the plastic flow appears to have been localised within 
narrow regions some 5 to 50 pm across.
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Fig. 2.3 Corundum - Effect of prolonged annealing at 750°C.
Filled symbols, microstrains (e), open symbols,
PFcrystallite sizes (D ).
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Because the action of the vibratory mill cause sharp local impacts
on the alumina particles, the local stresses are probably abnormally
high. From these considerations, it can be assumed that the X-ray line
broadening can be attributed, at least in part, to plastic flow in the
milled alumina particles, whose dimensions are orders of magnitude
smaller than those of the strained regions observed in the deformation
phenomena mentioned above. It is not to be assumed, however, that
the strain distribution will be uniform throughout the crystallites;
it may well vary in a manner similar to that of other milled powders
It has'been suggested by Stokes and Wilson that, if the
assumption of an isotropic stress distribution is made, the average
strain measured from an (hkl) reflection can be related to the Young* s
modulus, appropriate to crystal directions normal to the hkl
planes. They suggested the equation x E =: a constant,
(a ) where is called the stress function. Assuming no
stacking faults, the stress function was calculated for the directions
normal to the { 0112}, { 1120} and { 1123} planes. The values of
E were calculated from the standard expression involving the compliances,
(ll4)whose values were obtained from Huntington . Table 2.2 shows
the values of the stress function for the fully strained condition of 
all three batches, and for two annealed conditions of batch 1. The 
table shows that, for each condition of the powder the stress function 
is approximately constant.
Table 2.2
Values of the stress function for cold-worked, samples, and
for two annealed samples
Stress function, a = Eh k l X £ hkl * l ° 7 Nnf2
hkl 11 -2E hkl x 10 Nm
Batch 1 Batch 2 Batch 3 Batch 1
750°C 1000°C
0112 2.66 175 112 53 107 51
1120 3.45 160 110 59 107 57
1123 3.69 159 110 55 100 49
Figure 2.4 shows, for the three batches of milled powder, the
curves obtained by plotting log (l/eii, ) against log d,-, where d
hkl' hkl hkl
is the interplanar spacing of the hkl planes. These curves have very
nearly the same slope. Table 2.3 shows the ratio, N, of the crystallite 
PFsize, D , to the interplanar spacing, d. N is seen to be approximately 
constant for the three batches, indicating that, although the crystallite 
size exhibits anisotropy, the number of reflecting planes does not.
Table 2.3
The number of Bragg planes. N. for the cold-worked samples 
in different directions
hkl N _ 3)hkl/ d hkl
Batch 1 Batch 2 Batch 3
0ll2 81 123 145
1120 84 142 175
1123 86 155 187
<-J
Fig. 2.4 Corundum - relationship between microstrain and 
inter-planar spacing.
Thus it may be seen that in any of the crystallites produced by 
the milling, the residual stresses and.the number of interplanar spacings 
are isotropic. The fact that the stresses are isotropic may follow 
from the fact that the conditions in a ball-mill may be regarded, in 
some circumstances, as giving a hydrostatic type stress The fact
that the number of interplanar spacings is isotropic seems to imply 
that the cleavage properties of the planes are also isotropic in these 
very small and highly deformed crystals.
Hey and Livey have noted that the kinetics of crystal growth
over the temperature range 600 to 900° C obey a relationship Dn - DnQ = Kt, 
where D is the crystallite size at various times, t, and n has a value 
of seven to ten, one factor being the purity of the material. The 
overall results obtained in this work do not agree well with such power 
laws, the rate of growth during the early stages being relatively much 
greater than the later rates. These differences indicate a more com­
plicated relationship, and may be explained by the presence of considerable 
microstrains in the crystallites in the early stages of growth. The
later stages of crystallite growth would be more influenced by surface
\
area effects and it is these later stages which are in better agreement 
with the laws of Hey and Livey. The crystals investigated by Hey and 
Livey were strain-free.
It has been shown, by Anderson and Morgan that water vapour
at low pressures will have large effects on crystal growth rates in MgO 
at temperatures around 1050° C. These effects were not investigated in 
the present work. The water vapour conditions were the same in all 
experiments.
Allowing for differences in conditions of milling, the results 
shown above for ball-milled alumina powders are in good agreement with
those reported by Lewis and Lindley and by Sarker and Towner. This was
confirmed by recalculating the results quoted above using both the
Cauchy and Gaussian methods of integral breadth analysis together
(11 o)
with Schoening’s method . All these methods gave good agreement
within their respective limits and compared well with those obtained by
the first pair of authors. Good agreement was also found between the
results shown above for explosively deformed alumina powder and those
reported by Bergmann and Barrington and by Heckel and Youngblood.
Values of the stored elastic energy were calculated using
Faulkner’s equation (^9) these were compared with those obtained for
surface energy (^s) from measurements of the specific surface areas and
specific surface energy (y). Lewis and Lindley and also Heckel and
Youngblood have found that the stored elastic energy (E ) was
el
approximately equal to the total surface energy (S ) in the milled ands
explosively deformed alumina powders respectively. These results
(9)have, however, been disputed by Bengtsson et al. who, working with
cemented tungsten carbide, found Eg =: 3 x (E^) anc^  concluded that
the total surface energy provides the major driving force for sintering. 
All three groups of workers used BET methods for measuring the 
specific surface areas of their powders. It would appear, however, 
that there are differences in the comminution behaviour of carbides 
and ionics. Bergmann and Barrington and also Bengtsson et al. have shown 
large changes in the specific surface areas of carbides upon deformation. 
The former authors show much smaller changes in the specific areas of 
the ceramics upon cold-working. This is consistent with the observations 
above that alumina tends to show isotropic cleavage.
Figure 2;5 shows the variation of retained strain energy and grain 
boundary energy with temperature. These curves were obtained from those 
shown in Figure 2.2. As stated above, the values for the stored elastic
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Fig. 2.5 Corundum - variation of retained strain energy and 
surface energies with temperature.
energy were obtained using Faulkner’s equation but those for the surface
energy were obtained from the product of the free surface energy and the
specific surface areas which were derived from the crystallite sizes 
, pp.
CD ;. In the case of alumina, these sizes are considerably smaller than 
the particle sizes and refer to incoherently diffracting domains which 
are bounded by imperfections which in all probability, are predominently 
dislocations. These surfaces referred to are internal to the alumina 
particles and may be regarded as sub-grain boundaries or possibly, in 
extreme cases, grain boundaries. It has been shorn for metals that the
maximum of the grain boundary energy (yg) is given by - yg/3
/-jPo) —2
for large disorientations . Using this value for Yq (300 ergs, cm )
the curves show that these two energies are of the same order. However,
according to dislocation theory, the grain boundary energy (Y q ) depends
upon the angle  ^<f> ) between two adjoining grains according - to the
equation y = y Q <f> [const. - In <f>].
If the crystallite sizes refer to crystal mosaics, <f> is small
and ( ysg) ^ (Yg)^^/10, where ^y Sq) sub-grain boundary energy.
This is certainly the case for fracture in polycrystalline alumina where
o >
domain misorientations of about 0.5 within individual grains were recorded
(92)using a rocking curve technique . Hence, the relative surface energy
values are 1ys) = 3 x ('Vmax ~30 x * Wh6n measuring the
particle or crystallite sizes used in the determination of total surface 
energies, various methods have been used including BET, electron micro­
scopy and X-ray diffraction. Whatever the method of observation, free 
surface energy values have always been used in the calculations, even 
where the method of observation may-not have been able to distinguish 
between sub-grains, grains and particles. This may explain some of the 
difficulties in reconciling the various results obtained.
It would appear that the retained strain energy {E ) should
be somewhat larger than the total sub-grain boundary energy since
distortions, other than the ordered dislocation arrays required to form
the boundaries, may be produced by cold working. This is shown in
Figure 2.5. Dislocation densities were calculated for the unannealed
12 -2powder and a value of about 10 cm were obtained using Williamson 
and Smallman’s derivation, a value obtained for heavily deformed
metals.
When considering the distribution of microstrain within a poly­
crystalline block which is cold-worked on one surface only, the method
(5)
outlined by Lewis and Porter can be considered. It is assumed 
that there is an exponential decrease of microstrain ( e) with depth (t) 
below the worked specimen surface, and that the microstrain function, 
e(t), has the form e(t) = A exp(-at), tfhere A and a are constants.
The microstrain, obtained from X-ray measurements, is the value obtained 
when e(t), modified by an absorption factor, is averaged from 0 to 
infinity. The average microstrain is given by
f
e - e(t) exp(- t) dt/
exP(~^hkl ^  dt
o
where
“hki" 211 cosec h^ki
y = linear absorption coefficient 
and Bragg angle.
Table 2.4 shows the relevant values for obtained from
variance analysis.
T hkl dS e^ ec^^ve d-eP ^  penetration for copper K a 
X-radiation in alumina.
Using the values quoted in Table 2.4, the microstrain distribution 
normal to the { 0112} type planes was found to be e (t) = 0.0022 exp(-0.l6 t).
Table 2.4 '
Microstrains for abraded alumina block
hkl e ( ° ) Ehkl x x° 3 M (micron) ^ T hkl (micron)
0112 13 0.88 0.112 40
0224 26 0.56 0.058 80
Although, in principle, this.type of analysis could be used in connection 
with the measurement of microstrain distributions in ceramic tool-tips, 
the effective depth of penetration of X-rays may, for higher order 
reflections, be greater than the dimensions of the work-piece.
Guard and Romo observed somewhat similar deformation distributions 
below the fracture surfaces of sintered polycrystalline samples. The 
values of largest microstrains reported by these authors appeared to 
have about the same magnitude as e above* The exponential type
function showed, however, a sharper drop towards small values, the 
differences in distribution suggesting that the two types of deformation, 
surface abrasion and fracture, operate by different mechanisms.
2.2.4 Conclusions
. The results above show that alumina powder can be induced to give 
considerable X-ray line broadening' by both milling and explosive shock 
deformation whilst the abrasion of a surface of a sintered alumina block
causes less broadening. In all cases, the analysis of the X-ray diffraction
powder lines showed that microstrains form a major contribution to this
line broadening. Both the milled and explosive shocked alumina powders
exhibit considerable anisotropy in their behaviour as regards the presence
of microstrains and the reduction of crystallite size. The effects of
both types of deformation on alumina powder are about the same, the
magnitude of the microstrains being about the same as those recorded for
deformed metals, so that, if dislocations are considered the principal
12 -2
type of deformation, dislocation densities of up to 10 cm may be 
encountered. The anisotropy in both types of deformation is largely the 
same. The grain boundary energy, calculated from the observed crystallite 
size, is of approximately the same value as the stored elastic energy, and 
so it may be concluded tint the presence of microstrains must provide 
sufficient energy to influence the sintering characteristics of alumina. 
Isotropy was observed with regard to the residual stresses and cleavage 
properties in the milled crystals.
Upon annealing, the microstrains are largely relieved between 
750 and 1000° C, and this relief is accompanied by crystallite size 
growth.
Both microstrains and crystallite sizes are observed to decrease 
with depth below the worked surface of a sintered alumina block, one side 
of which has been abraded with a diamond wheel. A microstrain distri­
bution can be deduced in the case- of thick blocks only as alumina is a 
poor X-ray absorber.
2.5 Ceria
Ceria, a-rare earth oxide and a refractory material, is not used 
in many applications. Although its melting point is about 2750° C, 
surpassing that of beryllia and zirconia, its molar heat of formation
is 224.6 k cals, compared to 402 k cals/mole for alumina and 261.5 k cals/
mole for zirconia. Accordingly, ceria decomposes at high temperatures
relatively easily. Reduction with hydrogen occurs appreciably at 500° C
and considerably at 600° C and dissociation occurs to a considerable
extent at 1600° C. Dissociation is accompanied by oxygen deficiencies in
the lattice and this can give rise to n-type semi-conductivity, particularly
in sintered ceria.
A considerable amount of work has been carried out studying defect
structures in non-stoichiometric ceria (CeCU ) artel the manner in which
2-x
(l22)such defects affect the electrical properties and creep activation
(1 \
energies of the compounds. The behaviour of sintered ceria
has received little attention. Ceria fired at high temperatures (> 1950° C) 
shows considerable porosity, a possible explanation of which may be the 
partial dissociation of CeO^ into Ce^O^ an(* ^ree oxygen. However, 
it was decided to make a limited investigation of some of the structural 
characteristics of ceria and to ascertain how far they conformed with 
those of other members of the oxide ceramic family.
2.5.1 Experimental details
Several batches of ceria were deformed, each to a different
amount, by ball-milling in a Glen Creston M280 vibratory mill using an
alumina grinding cylinder and alumina grinding balls. Precautions were
taken to reduce the moisture content as much as possible.
Several cerium III salts, decompose to give cerium IV oxide. The
(l24)
structure of the oxides depends upon the decomposition route and a
very active sample was produced by 'the decomposition of cerium III oxalate
-J6- - 0
.decahydrate at 450 C. This powder was selected for the studies of the
* ,
99.9^ 0 purity, Rare Earth Products
annealing behaviour of a highly deformed ceria powder since, in contrast 
to the milled ceria, the amount of any contaminant was minimal* Prom 
the prepared powder, samples were annealed at various temperatures for 
the period of one hour, the range of annealing temperatures extending 
from room temperature to 1250° C.
Preparation of the variously treated ceria samples for examination 
by X-ray diffraction presented difficulties as cerium has very high X-ray 
absorption. The effective depth of a flat polycrystalline ceria specimen 
over which diffraction of copper X-radiation takes place is less than 
5 microns at low angle reflection settings. Consequently, as smooth a 
specimen surface as possible is required. This was achieved by using a 
specimen holder in the form of a metal plate with a central one-inch 
drilled hole. The holder was placed onto a glass slide and powder, brushed 
through a 325 mesh sieving silk, was poured into the cavity. The sample 
was gently packed thin layer by thin layer, care being taken to avoid 
excessive pressure which might have caused preferred orientation. When 
the cavity was filled, a backing plate was taped onto the metal plate.
Upon removal of the glass slide a very flat specimen surface was 
obtained.
A Siemens Kristalloflex 4 powder diffractometer was used to record 
the polycrystalline diffraction line profiles obtained with p-filtered 
copper X-radiation. The profiles of the strongest, well separated 
reflections were recorded using step-counting. Since ceria has the cubic 
fluorite structure, a = 5.4 2, only four reflections, 111,220, 311 and 
422, were found suitable, with multiple order reflections being unobtainable. 
Thus, as neither the Warren-Averbach nor the Aqua-Wagner method could be 
used to measure the anisotropic behaviour of this material, the line 
broadening analysis was carried out using the integral breadth method of 
Aqua and Wagner and the variance method.
2.3.2 Results
Figures 2.6 and 2.7 show the variations of microstrain ( e ) and 
crystallite size (d) with milling time. Figure 2.6 shows the ’average1 
values of the quantities e and D deduced using the integral breadth 
method. For each of these txfo quantities, Figure 2.7 shows three curves 
which were obtained using the variance method for the 111, 220 and 311 
reflections respectively. The clear separation of the three sets of 
curves demonstrates the anisotropy as regards both microstrain and. 
crystallite sizes produced by the milling of the powders. The greatest 
microstrains and smallest crystallite sizes were obtained parallel to 
the < 111> -directions whilst the smallest microstrains and largest 
crystallite sizes were obtained along the <311>-directions. Both 
figures show that near strain saturation occurred after some 12 hours under 
the conditions obtaining in the milling operations used.
Figures 2.8 and 2.9 show the variation of microstrain and crystallite 
size with temperature using the integral breadth and variance methods of 
line broadening analysis respectively. Both figures show the same trends. 
Below 750° C only a small amount of microstrain was relieved with little
x
increase in crystallite size. Above this temperature the rate of micro­
strain relief increased and was a maximum in the range 750° to 1000° C.
Above 1000° C very little residual strain remained. The crystallite 
sizes increased from the initial values lying in the range 100-200 2 to 
above 1500 2 at the higher temperatures. At the upper end of the tempera­
ture range there was no reduction in the rate of increase in crystallite 
size. The microstrains were smallest and the crystallite sizes largest 
parallel to the < 311> -directions and the values of microstrains were 
largest parallel to the < 111> -directions. The smallest crystallite 
sizes were observed parallel to the < 110 > -directions. The anisotropic 
nature of the ceria behaviour became less pronounced as the temperature
-t—'
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was raised. At the higher temperatures the shapes of the diffracting 
domains became equiaxed.
2.3.3 Discussion
The results above show that the mechanical and thermal behaviour
of ceria is generally similar to that of all the other materials given
the same treatments.' Although usually a brittle material, when subjected
to prolonged impact ball-milling, ceria shows cold-working deformation
of a fashion similar to that of alumina and described in Section 2.2.2.
Hence, it may be inferred that after the break-down of large ceria particles
by fracture, plastic flow occurs in the residual small particles so that
such deformation is restricted to small localized regions. It may also
be assumed that some of the smallest crystallite sizes measured corresponded
to sub-grain structures. Strain relief and crystallite growth was observed
to occur over a fairly restricted temperature range, a process which
corresponds to recovery, in the annealing of metals.
Figure 2.7 shows the mechanical behaviour of ceria is anisotropic
with the largest induced microstrains and the smallest crystallite sizes
occurring parallel to the < 111> -directions and vice versa parallel to
the < 311 >-directions. Whilst the values of the microstrains and
crystallite sizes in directions parallel to <110> are intermediate between
the two sets quoted above, they tend to be close to those for the <111>
-directions. This is consistent with the expected cleavage behaviour of
ceria, which is isostructural with thoria,' titan-rar and calcium fluoride.
The majority of ionics cleave on {100 }-planes with {110 } <110 > slip
Calcium fluoride shows fracture most commonly on {100 }-planes
and {111 } and { 110 } fracture more rarely Thoria can also
(l27)
cleave on {100} ,{110} and {111} planes . O f  the three sets of
reflecting planes discussed above the {311} planes, in the cubic system,
are the closest to the {100} , the other two sets being identical. Since 
the microstrains parallel to < 311 > -directions were the least, it is 
anticipated that the microstrains parallel to the < 100> directions would 
be even smaller. This was confirmed from measurements from the 200 
reflections for small times of ball-milling. This reflection could not be 
used generally since, for large deformations, there was overlapping from 
the very strong 111 reflection. Thus, the cleavage behaviour of ceria 
appears to conform with that of the ionics described above.
The structure of the ceria produced by thermal decomposition and 
used for the annealing studies was generally similar to that of the 
mechanically deformed ceria. Comparison amongst Figures 2.6 to 2.9 shows 
that the values of the microstrains in the chemically prepared ceria were 
considerably larger than those in the most heavily deformed ceria and that 
correspondingly the values for the crystallite sizes were smaller. These 
more extreme values were a result of the relatively low reaction temperature 
which was 450° C. Certain small differences in structure were, however, 
revealed. The reversal of the relative crystallite sizes parallel to the 
< 111> -and < 110> -directions can probably be ascribed to morphology of
x
the small crystals during the early stages of growth soon after nucleation, 
together with the differences in growth rates on different hkl faces.
Comparison of the surface energies and the stored elastic energy 
may be made for ceria. To the author’s knowledge, the surface energy of 
ceria has not been determined, but it is reasonable to assume a value of 
1000 ergs cm , this being the accepted value for thoria, with which it 
is isostructural. This figure leads to surface energy values of 6.6,
2.0 and 0.4 cals g"”^  on the assumptions that crystallite sizes (d ) 
obtained from X-fay diffraction measurements referred respectively to 
particles with free surfaces, polycrystalline aggregates with large angle 
grain boundaries or mosaic blocks separated by low angle boundaries.
These values are all greater than that obtained for the stored elastic 
energy which was 0.1 cals g \  These comparative figures were derived 
for the mechanically deformed ceria but the same trends also hold for 
the chemically prepared samples.
2.3*4 Conclusions
The general deformation and annealing behaviour of ceria powder 
has been found to be very similar to that of other polycrystalline 
materials. Although nominally a brittle material, at room temperature, 
ceria can be induced to exhibit plastic behaviour, after considerable 
cold-working, during which considerable comminution takes place and 
strain is retained within localized regions. Recovery was found to occur 
over a very limited temperature range, the majority of the strain relief 
occurring between 750° to 1000° C. Crystallite size growth was also 
observed during annealing. Ceria behaved, at these relatively low temp­
eratures, at which decomposition was unlikely, in a manner similar 
to that of alumina. The anisotropy in the structural characteristics 
of the deformed ceria was found to be consistent with its ionic nature.
CHAPTER 3
DIAMOND
3.1 Introduction
Since Biblical times diamond has been recognized as an out­
standing material on account of its suitability for gem-stones and its 
extreme hardness. In very recent times, diamond has been put to other 
uses such as heat sinks for solid state microwave devices (Gunn Diodes), 
and as conductors and particle counters in difficult conditions of 
high temperature and violent pressure changes such as occur in rocketry.
Due to its hardness, diamond has found its outstanding use as 
an abrasive, .and has been widely used in the cutting and fashioning 
of other hard materials in industries of many kinds. The grades of 
diamond used for industrial purposes are unsuitable for gem-stones, and 
are the stones containing flaws or macro-impurities so not conforming 
to the necessary high optically reflective standards. The particular 
industrial use to which diamonds are applied depends both upon the 
size and shape of the stones. The largest diamonds are used for tool 
stones (wire dies), whilst stones of smaller sizes are used as drilling 
material. Under grits, the larger particles are used for saws and the 
smaller for grinding wheels. In the fine powders, the larger sizes 
are used for lapping and the smaller for polishing. The size range is 
from about 1 mm down to sub-micron dimensions. Sawing and grinding 
operations require block-shaped particles rather than those that are 
rounded or acicular.
The ever-increasing demand for diamond in many fields of technology, 
and particularly as an abrasive material has led to the development of
several methods for synthetic diamond production, involving explosive, 
high temperature-high pressure and vapour depositon techniques. Most 
synthetic diamond has, so far, been used as industrial boart grit on 
account of small particle sizes and bad colours.
Because of its outstanding, and in some cases anomalous, properties,
diamond has received considerable attention. Mechanically, diamonds are
very brittle, show extreme hardness, which is markedly anisotropic with
pronounced {111 } cleavage, and high compressibility. Optically,
diamond has a high refractive index, a high dispersion and is isotropic.
Most diamonds are extremely good electrical insulators. The thermal
behaviour of diamond is anomalous since diamonds have a low thermal expansion '
and a high thermal conductivity (as high as aluminium at room temperature).
Chemically, diamond is extremely inert and is not attacked by any known
acid. The major impurities are nitrogen (up to 0.1/£ in type l), aluminium
(up to 20 ppm in natural diamond), and nickel (up to 10fo in synthetic
diamond). Diamond crystallizes as the classical covalent structure which
3gives each carbon atom four-fold coordination resulting from sp hybrid­
ization, and it is polymorphic with graphite, which is the thermodynamically 
stable form of carbon at room temperature. The diamond/graphite equilibrium 
diagram has been successfully extended by Berman and Simon to
predict the conditions suitable for diamond synthesis.
By far the greatest amount of work devoted to the investigation of 
the properties and behaviour of diamond has been carried out on monocrystalline 
samples. Studies involving polycrystalline diamond have been almost 
exclusively confined to its role as an abrasive material, and because of 
the diversity of machining operations to which diamond grit has been applied, 
a considerable amount of work has been reported on the technical aspects 
of the use of diamond grit in various devices. The effects produced by
the use of different binders, different running conditions and different 
design shapes, etc. on the performances of drilling bits, cutting wheels 
and other tools have been described. By comparison, however, little work 
on the wear behaviour of the grit itself seems to have been carried out.
As there is hardly any report at all of the study of the deformation 
behaviour of diamond grit, it was decided to carry out such an investigation, 
especially with regard to any change in microstructure that may accompany 
cold-working and annealing. It has been found that the early stages of 
the sintering behaviour of some powders are influenced.by their deformation 
structures. As diamond compacts often containing metal binders are made 
for'use with working tools, it seems appropriate to undertake a preliminary 
study to ascertain whether the cold-working of diamond had similar effects. 
Certain synthetic highly polycrystalline diamond products have been pro­
duced especially for precision polishing, the wear properties of such 
particles also being dependent upon their microstructures. As the micro­
structures of this type of diamond has received only little attention 
previously, further investigation was considered desirable. Reports of 
work on these three aspects of polycrystalline diamond behaviour are 
given later.
3.1.1 Disorder in diamonds
During the past 20 years, considerable interest has been shown in 
the structural perfection of diamonds in attempts to account for the 
variability in their behaviour. Apart from macro-defects such as twinning 
and inclusions, syngenetic and epigenetic, the optical properties of diamond 
are closely related to the impurity content or defect structure e.g. color­
ation, stress birefringence and absorption characteristics. In accordance 
with their absorption behaviour in the visible range, diamonds are classified
as. type I and type II diamonds, the former transmitting only down to a 
wavelength of 5300 2 whilst type II transmit well down to the absorption 
edge at 2200 2.
Type I diamonds give rise to X-ray Laue photographs with anomalous
(129)'spikes* projecting from certain spots , which, it was suggested by
Hoerni and Y/ooster could indicate the presence of defects lying in
{ 100} planes. It was found that there was a variation in the properties
of type I diamonds with type II as a limiting case. Kaiser and Bond
20 *•3demonstrated the presence of nitrogen (up to 10 atoms cm ) the amount 
of which could be correlated with the strength of the infra-red absorption
( 1 'Zp
at 7.8p. Evans and Phaal ' ; succeeded in obtaining transmission
electron micrographs showing the existence of platelets in type I diamond, 
the density of the defects again correlating with the absorption at 7.8p.
It is highly probable that the platelets are formed of nitrogen as suggested
(133) (134)by Elliot . Prank and Lang showed, however, using X-ray topo­
graphical methods, that although spike intensity and UV absorption are 
associated with each other, the texture of diamonds point-by-point, 
i.e. variation of perfection from region to region, must also be a factor 
and that type I diamonds are not necessarily less perfect than type II.
More recently, the total platelet area per unit volume was measured using 
electron microscopy whilst from I.R. studies, the A and B spectra have 
been interpreted in terms of various nitrogen aggregations including 
platelets
The occurrence of dislocations in diamond has been revealed by 
electron microscopy and X-ray topography. Many dislocation loops appear 
to lie in {111} planes and are elongated in a <110 > type direction whilst 
long thin dislocation loops occur up to 60002 long with their dipoles 
being in < 112 > directions. Dipoles such as these have been observed in
other cry stals ' and have been attributable to the debris left behind
after screw dislocations with long jogs have passed through the crystal.
Mo evidence of partial dislocations occurs although an occasional helical
dislocation has been observed Frank and Lang confirme(i that
pyramidal trigons occurring on diamond surfacesare dislocation outcrops as
(l38^
suggested by Frank, Puttick and Wilks ' whilst no dislocations outcrop
as flat-bottomed trigons. Substructures in diamond have been investigated
(l39)by Moore and Lang .
3.1*2 Deformation of diamond
Diamond is a brittle material with low impact strength so that 
methods of deformation have been restricted to particle and laser irradiation, 
wear,and abrasion whilst the effects of such deformation on the properties 
of diamond have been investigated.
Cleavage can result either from impact, high resolved contact 
stresses or from strains arising from graphite build-up when irradiated 
with laser-beams ^  common with most brittle materials it is
probable the cracks in diamond are initiated as surface defects. Any 
deformation introduced by the crack will be localized at the surface since 
the dislocations generated by the stress field are not glissile in diamond, 
or in silicon or germanium, except at elevated temperatures. A more general 
discussion of crack-dislocation interactions has been given by Field et al
(141)
Wear of diamond during polishing and grinding proceeds by micro­
scopic cleavages and not by graphitization or oxidation, owing to the high 
heat conductivity of diamond. These wear properties are modified by neutron 
irradiation since the cleavage characteristics are changed by hardness 
reductions. It has been concluded that the effect of fast neutron
18 2irradiation (lO Mev. dosage 10 n/cm ) is a reduction of the binding
(142)forces caused by the introduction of two types of lattice defect .
One type is uniformly distributed, and is associated with a small amount 
of strain which is released upon cleavage, whilst the other type is more 
localized, associated with more strain and causing cleavage with non­
matching faces. Irradiation damage cannot be fully annealed out of the 
lattice. Lattice damage caused both by neutron and electron radiation 
has also been studied using E.S.R., particularly in the study of vacancy 
production. E.S.R. has also been applied to the study of defects in the 
diamond lattice caused by substitutional impurity atoms.
Twinning, as a result of severe stresses during or subsequent
(143)to growth, has been reported . The twinned regions formed very
thin lamellae running throughout the crystals and the twinning plane was 
observed to be { 111) , the plane of minimum surface 'energy.
3.1.3 Plastic flow in diamond
■When a polished .diamond surface is.examined by electron micro­
scopy, two features may often be noticed. These are the grooves cut by
the abrasive and also a number of parallel lines travelling in a second
(144)direction. These have been shorn to be slip lines . produced by
frictional heating rather than by high stresses around the abrasive
(145)
particles. This is consistent with the work of Evans and Wild ,
and also that of Phaal who produced slip on { 111} planes during
deformation at 1800° C. Micro-deformation has also been observed by 
(l47)Gane who, by deforming diamond chips in the electron microscope,
produced localized dislocated regions near the loading points. Plastic 
deformation by a process of dislocation generation and movement would 
thus appear possible in diamond near room temperature, although the stresses
required must be close to the theoretical strength of diamond. Some
confirmation has also been found in indentation hardness observations (^8)
Slip and dislocated regions occurring as a natural product either of.
(149)growth conditions or subsequent history has been observed by Wilks ,
and Lang
3.2 Deformation and Annealing of Diamond Powder
As mentioned above, the majority of work on the deformation of 
diamond has been carried out on single crystals ranging in size from, 
millimetres down to sub-microscopic flakes for examination in the electron 
microscope. Despite the widespread technological importance of this 
material in powder form, particularly in the grinding and shaping of hard 
metal carbides, ceramics and other hard and abrasive materials, only a 
very limited amount of work on polycrystalline diamond has been reported. 
This, in the main, has been confined to X-ray diffraction studies and 
sintering behaviour.
Diamond powder has been used to provide X-ray reflection intensities 
which, on account of the reduction of extinction effects, to negligible
proportions, were suitable for Fourier analysis and electron density
rad
(62)
distributions (152)^ . pewer investigations of disorder in diamon
using the X-ray powder method have been reported, although line broadening
and peak shifts have been observed as a result of cold working and
•neutron irradiation respectively. The effect of grain size upon the
defect concentrations in neutron irradiated diamond powder, has been •
(l54)studied by Nikolaenko and Alexeev . I n  view of the general importance
of deformation characteristics of materials in powder technology, it was 
considered appropriate to investigate these aspects of polycrystalline 
diamond behaviour.
3.2.1 Experimental Methods
* .
Samples of diamond grit in the size range 0.5 - 1.0 microns,
were ball-milled using a Glen Creston M 280 vibratory mill, for various
periods up to 48 hours. The milling was carried out in an iron cylinder
with a steel ball so that the debris from the milling could be removed
using acid treatment.
For various deformations and subsequent annealing treatments,
X-ray diffraction profiles were recorded on a Philips diffractometer using
nickel-filtered copper radiation. The specimens were scanned at |°/min.,
and to reduce the effects of low absorption, a specimen holder 50 microns
deep was used. The X-ray line broadening was analysed using the
(108 ) ( 21)
integral breadth method of Wagner , and also the variance method .
Several considerations influenced the choice of experimental
conditions outlined above. One was.-the difficulty in obtaining profiles
suitable for analysis is the considerable penetration of the X-ray beam
into the specimen as a result of the low absorption for carbon, A pronounced
asymmetry of the profiles followed from the considerable amount of diffraction
occurring well below the specimen surface. The choice of X-radiation was
considered in relation to this effect, and other experimental requirements,
including the presence of iron in the milled powder. Three possible
radiations are listed in Table 3.1.
On balance, it was decided to use only copper and cobalt radiations,
the latter mainly to identify any ferrous phase that may have been present.
*•
Figure 3.1 shows a comparison of the integral breadth, {3 , measured
from the profiles of milled and unmilled 4/8 micron diamond powder using
*
the two radiations. The values of (3^ , obtained for the unmilled powder,
Supplied by Messrs. Van Moppes and Messrs. Triefus.
D I  A M 0 N D
x10
Circ les -  c o p p e r  
X - r a d i a t i o n
2-0
S q u a r e s  -  c o b a l t
F i l l e d  symbols -  unmilled
gn t
O p e n  •• - m i l l e d .
grit
CM
CM CO
Fig. 3.1 Diamond - Comparison of line broadening for milled
and unmilled grit using copper and cobalt X-radiati.on
were lower for cobalt radiation because of its smaller penetrating power 
and the larger Bragg angles for corresponding likl reflections. A value 
for p could not be obtained for the 111 reflection using copper 
radiation with the milled powder, since reflections at these low angles 
have smaller integral breadths than those from the undeformed powder. 
Milling should cause an increase in defect concentration and a. decrease 
in domain size leading to a decrease in primary extinction and an increase 
in line broadening. This line broadening increase was smaller than the 
line broadening decrease resulting from the reduction in the size of the 
diamond particles upon ball-milling. The size reduction permitted closer 
packing with an increase in the X-ray density of, and absorption within 
the powder with an improvement in diffractometer focusing. This also 
explains the small increase in line broadening shown by the cobalt 111 
reflection.
Table 5.1 - Relative Merita of Various Possible X-radiations
1 Phase
Target
Material
Wavelength
(2)
Ferrous Diamond
Mo. of 
reflec­
tions
Penetration Intensities
Molybdenum 0.71 Suitable for
*
18 Low intensity
indentifi- Decreasing Low contrast
cation
penetration
Copper 1.54 Fluor­ 5 into
Good
escence intensity
specimen Good contrast
Cobalt 1.78 Suitable for 3 \ / Good
identifi­ \V intensity
cation Good contrast
*
Only one set of multiple orders exists amongst these 18 reflections.
The problem of X-ray penetration has also been encountered by
(155)Popovic who proposed a specimen thickness extrapolation method for
graphite. It is not easy to apply this method to loose powder so that 
a specimen holder of 50 micron depth was used. A comparison of the integral 
breadths, obtained for the same powder, 4/8 grade diamond grit, in this 
holder and a standard holder (depth 1 mm), is shown in Figure 3.2. From 
the curves, it is seen that the integral breadths (p^) of low angle 
reflections show a greater decrease than those of. higher angle reflections 
upon use of the shallower holder.
0/y grade diamond grit was used to study the effects of milling 
and subsequent annealing, since this grade gave the best packing in the 
shallow holder whilst affording virtually no X-ray line broadening when 
compared with larger 4/8 grade. After milling with steel balls in an 
iron cylinder, the ferrous debris was removed using aqua regia, confirmation 
of satisfactory removal being obtained from the X-ray diffraction patterns. 
Annealing was carried out with the milled powder placed in a graphite 
crucible and maintained in an inert atmosphere.
3.2.2 Results
Figure 3.3 shows the variations of micro-strain (e ) and crystallite 
PFsize (D ) with milling time, the values being obtained using the Wagner
integral line breadth analysis. The curves show that there is a marked
increase in micro-strain ( e ) from negligible amounts up to about 
—31.0 x 10 as the milling time is increased to 48 hours. A reduction of
PF 0crystallite size (D ) from about 650 to 450 A occurs simultaneously.
Figure 3.4 shows that, over the temperature range used, there was a decrease 
in microstrain values to about half that originally induced at room temper­
ature with a corresponding increase in crystallite size up to nearly 600 A.
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Fig. 3.4 Diamond r Variation of microstrain and crystallite size 
with annealing temperature - integral breadth analysis.
Figures 3.5 and 3.6, obtained using the variance method of line 
broadening analysis, show the same general trends, anisotropy in both 
microstrain and crystallite size also being revealed. However, only the 
111, 220 and 311 reflections were suitable for analysis as the 400 and 
331 reflections were either too weak or occurring at higher angles, in 
which region the variance method is inoperable when the profiles are very 
broad. It was found that the largest value of microstrain occurred along 
fellJand that the biggest change in crystallite size also occurred along 
this direction. The microstrain values were somewhat higher ( - 2.0 x 10 
and the crystallite sizes, smaller than those afforded by the integral 
breadth method, which, however, could not be used to measure any anisotropy 
in these quantities, since only five reflections, and no multiple orders, 
are available.
5*2.3 Discussion
Figures 3.5.and 3.5 show that the diamond powder, 0/5- micron grade, 
used in this investigation exhibited no micro-strain but a rather small 
crystallite size. This indicates that during the preparative milling of 
diamond grit, prior to grading, comminution proceeds by cleavage, a process 
which relieves induced strains, and that this process remains operative 
for the particles composing the finest of the suppliers' gradings.
As the diamond powders were subjected to further intensive milling, 
so more microstrain was introduced into the diamond particles and their 
domain sizes decreased. As the annealing temperatures were raised there 
was strain relief and domain size increase. This pattern of behaviour
(30)
followed that of other general groups of materials such as ionics,
(3l) (34)oxides and hard metal carbides . The microstrains introduced
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Fig. 3.5 Diamond - Variation of microstrain and crystallite size 
with milling time - variance analysis.
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■were in the region 0.1 to 0.2/o and were somewhat smaller than the maximum 
values for alumina. Annealing temperatures, however, were not taken above 
1500° C, since, even in the absence of oxygen, graphitization occurs at 
about 1400° C because of the thermo-dynamical instability of diamond at 
relatively low temperatures. This restriction prevented full strain relief 
and very marked crystal growth.
Attempts were made to introduce more severe deformation into the 
diamond by ball-milling using tungsten balls in either an iron or tungsten 
cylinder or tungsten carbide balls and cylinder. It proved extremely 
difficult to remove the tungsten debris from the milled powder either by 
chemical or a combination of chemical, sedimentation and ultrasonic methods, 
and even when successful separation was achieved, insufficient powder remained 
for diffractometer samples.
After milling with the steel balls in the iron cylinder, the ferrous 
debris was removed by using aqua regia. Although after acid treatment the 
X-ray diffraction patterns confirmed the removal of the iron debris, the 
residual diamond powder was black, a feature probably associated with crystal 
deformation and possible graphitization. It was feared that such severe 
acid treatment might cause the loss of the smallest particles due to 
enhanced acid dissolution. To verify this, size distribution counts on 
the o/g- grade diamond grit, before and after milling, were made using 
electron microscopy.
The resulting histograms are shorn in Figure 3*7. The values of 
/ PF\the crystallite sizes (D obtained from X-ray line broadening measure­
ments are also indicated on Figure 3*7, the symbols *7' and *W* 
referring to the values obtained by the variance and Wagner analytical 
methods respectively. Good agreement was found between the sizes obtained 
from the different methods of measurement, particularly between those
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Fig. 3.7 Diamond - Variations in particle size distributions upon 
milling - electron microscope observations. 'V1 and 1W’ 
correspond to corresponding crystallite sizes measured 
by variance and integral breadth analysis respectively.
measured by electron microscopy and the X-ray variance methods. When
making such comparisons, one must allow for the fact that the sizes
measured by X-ray diffraction methods are biassed towards those of the
larger crystals in the sample since the intensity from any one crystallite
/ PF\6is proportional to (D ) . These observations are in agreement with the 
remarks made at the beginning of this section and were confirmed by electron 
microscope observations on single particles of the unmilled powder which 
showed them to be single crystals, having reasonable morphology with many 
of them in the form of cleavage fragments (Figure 3.8). Good crystal 
perfection was shown from the image contrast which often revealed thick­
ness extinction contours or bend contours, whilst the electron diffraction 
spots were very sharp. For some particles, streaking was associated with 
reflections from planes having Miller Indices the same as reported by 
Lonsdale (^6) for x-ray reflection from type I diamond (Figure 3.9).
After milling, the particles became more rounded. Upon annealing, 
particle agglomeration was noticeable often with many small particles 
attached to one large one (Figures 3.10 and 3*ll).
The relative values of the anisotropic micro-strains ( e ) were 
found to be scarcely consistent with the assumption of the isotropic 
stress function (= Ehkl X where is Young* s
Modulus in a direction perpendicular to the (hkl) planes. The values 
of Young*s Modulus were calculated from the values of the stiffnesses 
obtained by McSkimin et al ^'^and are shown, together with the values
of cfj1]C2 ^at>le 3.2. The table also includes values of N, the ratio
PF
of the crystallite size (3) ) to the interplanar spacing and
these show a variation of up to 20
i
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Fig. 3.8 Diamond - Electron micrograph - unmilled grit
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Fig. 3.9 Diamond particle
(a) Electron micrograph showing thickness fringes
(b) Corresponding electron diffraction pattern
showing streaking from N« platelets.
Fig. 3.10 Electron micrograph - milled diamond powder
s/
i ' V
V
Fig. 3.11 Electron micrograph - milled and annealed diamond powder
Table 3.2 Values of the Stress Function
for Cold-worked Diamond
Direction
dhkl
(2)
E / i,12
Kkl (xl°
2dynes/cm )
ehkl
x 10~3
^10 
hkl (1°
2
dynes/cm )
dpf
(2)
N~Dhkl/dhkl
< 111> 2.06 12.0 2.0 2.4 90 45
< 220 > 1.26 11.6 2.3 2.7 65 52
< 311 > 1.08 11.2 2.5 2.8 60 55
The values of both the stress function and N are least normal
to the {111} planes, which is consistent with the anisotiopic cleavage
properties of diamond. The fact that N does not differ by more than
about 2C$> is consistent with the particle morphology as observed by
electron microscopy. Using Faulkners’Equation ^  was founa that
the stored energy (0.65 cals/gm) was more than two orders smaller than
the specific surface energy (243 cals/gm). This is to be expected from
the extremely high value of the free surface energy of diamond (5000 -
2
8000 ergs/cm ), which has been deduced thermodynamically. In view of 
the findings above, that the measured crystallite sizes are identical to 
the particle sizes, the value for the specific surface energy quoted here 
refers to diamond particles, and not to sub-grain structures within the 
particles, so that residual strain energy is unlikely to play.any great 
role in processes- involving grain growth.
The anisotropic mechanical behaviour of diamond shows that the <113 > 
and <110> directions are relatively plastic when compared with the <111 > 
directions, which exhibit more brittle behaviour and upon which cleavage 
occurs, tending to relieve the strain on these planes. Figures 3.4 and 
5.6 show that recovery and recrystallization processes occur, as in metals,
although the restricted range of annealing temperature, due to the 
thermodynamically unstable condition of diamond at normal pressures and 
moderately high temperatures, did not permit full strain relief, and it 
was thought that the stored energy and increased specific surface energy 
might lead to a reduction in temperature for the diamond/graphite trans­
ition.
(62)The results were comparable with those of Gillies , who, after 
milling for 4 hours at room temperature and 200° C obtained microstrains 
of 0.03/& and 0.12^ respectively. No other quantitative observations on 
deformed diamond powder have been reported. Denning (^3) observed line 
broadening, enhanced diffuse forward scattering but no peak shifts on 
powder photographs obtained from diamond subjected to a moderate neutron
dosage (lO^ nvt ffast!). Very severe damage was reported by Levy et al
(l58) 21in diamond given heavy neutron dosage (2.4 x 10 nvt). This was
shown by powder diffractometer line profiles which were so broad that
the material could be described as near-amorphous, whilst the shift of
the 111 peak was so large as to indicate a lattice expansion of nearly
2.5/^ . Variation in lattice dilation after various neutron dosages and
(l59)subsequent annealings were measured by Primak et al , using back-
reflection powder photographs. No appreciable peak shifts were observed 
in the profiles obtained from ball-milled diamond powder.
Prom the foregoing observations, the deformation behaviour of 
diamond appears to be similar to that of other brittle materials below 
their brittle/ductile transition temperature. In such materials, induced 
strain, if sufficiently large, is usually relieved by fracture or cleavage, 
whilst plastic flow is confined to very narrow regions, normally extending 
over a few microns at the most, e.g. around scratches. When the sizes of 
the particles are reduced to less than those of such regions, size reduction
may still proceed by cleavage and fracture. There appears, however, to 
be a size below which comminution ceases and deformation is retained 
within the particles with the possibility of sub-structures being formed.
The latter does not appear to have occurred with diamond, since the 
particle sizes of the coherently diffracting domains as measured by 
X-ray diffraction were the same as those measured by electron microscopy.
3*3 . Sintering of Diamond Powder
Masses of small crystals forming agglomerates (known as boarts or 
carbonado), are found to occur naturally and have the appearance of 
sintered masses. Synthetic diamond does not appear to have been sintered 
or bonded in any way which resembles these natural products. On theoretical 
grounds, sintering of diamond should not be easy,' yet it is difficult to 
suggest other processes that could have bonded the crystals so strongly 
in the boart.
Owing to the difficulty in fashioning natural carbonado for 
abrasive tools, considerable efforts have been made to find the optimum 
conditions for the sintering of diamond compacts with and without binders. 
One method has involved the use of shock waves by means of which, pressures 
of 300 kilobars were operative for a few microseconds (-^O)^ j/[ore recent 
developments have centred around hot-pressing, at temperatures of at 
least 900° K and at pressures of 10 kilobars, in which conditions diamond
/ *j /T-j \
is thermodynamically stable ' . The successful use of binders has
also been reported recently These compacts have sufficiently high
hardnesses and, with the use of the requisite shaped moulds are suitable 
for cutting tools with the minimum of further treatment.
It was considered that, with moderately elevated temperatures,
pre-sintering adhesion of diamond powder might possibly be enhanced 
by milling the powder to produce a more reactive material. This would
(101)
be in accordance with the adhesion, or caking, reported for alumina ,
the milled powder of which has been shown to give compacts superior"to 
those made from unmilled powder.
3*3.1 Sintered Diamond Pellets
As a preliminary trial, two pellets were made, one from unmilled 
o/i grade diamond powder and the other from some 48-hours milled powder 
described in Section 3.2.1. The pellets were sintered at temperatures
up to 1600° C in an inert atmosphere, the milled powder giving a more 
dense and much harder pellet. The densities of the pellets from the 
unmilled and milled powders were 2.28 and 2.64 respectively, and the 
corresponding Vickers hardness numbers were 100 and 480.
It was decided to examine both the effect of milling prior to 
pressing the pellet, and the effect of adding a metallic binder. The 
metallic binder was added to the diamond powder and the two milled together. 
This not only gave a homogeneous mixture but also rendered the binder 
more reactive. .
Milling of 0/-4- diamond powder was carried out in a small agate 
cylinder with agate balls and in a perspex cylinder with tungsten carbide 
end caps and balls. The binder was a finely divided nickel powder, a 
pure Raney catalyst material. Densities and micro-hardnesses were 
measured for compacts annealed at various annealing temperatures up to 
1350° C, the annealing being carried out in an argon atmosphere. The 
results are shown in Figures 3.12 and 3.13.
Milling in the agate pot produced the least effect on the adhesive 
properties of the powder. The milling in the tungsten carbide/perspex
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pot caused a decrease in particle size as shorn in Figure 3.12 although 
the increase in the original green density can also be attributed in 
part to the presence of some tungsten carbide. All four pellets show 
steady increases in density with increase in temperature. Figure 3.13 
shows that the hardness of the diamond pellets is also affected by milling. 
The addition of nickel to the diamond powder has a marked effect on the 
pellet hardness.
The microstructures of the products of such pre-sintering treat­
ments were also investigated. Pellets were made using natural diamond 
powder milled by different amounts, and also with, and without, the metal 
binders nickel and cobalt. In general, the scanning electron micrographs 
were similar to those shown in Figures 3.14 and 3.15, which are typical 
of poorly sintered materials. However, the compacts having metal binders 
showed typical sintered structures but, since the proportions of the 
metals were high (28$ by volume), it may well have been that only the 
metals were sintered, or they had melted with little interaction with the 
diamond. When the sintering temperatures were restricted to 1200° C to 
prevent melting the metals, powder X-ray diffraction patterns showed an 
absence of graphite, some of which, however, formed when the sintering 
temperature was raised to 1350° C.
Pellets were also made by compacting shock-quench synthetic 
diamond both with and without a nickel binder. In the first case, the 
pellet was easily crushed and the presence of some graphite was detected.
In the second case, nickel globules formed on the pellet surface. After 
dissolving out the nickel, the residue was found to be nearly all 
graphite*
3.3.2 Discussion
Not many conclusions may be drawn from this set of results since
/Y^juCsUS^S
Fig. 3.14 Scanning electron micrograph - milled diamond powder 
compact annealed at 1600°C
2 -  / W o i o - ^ s
Fig. 3.15 Scanning electron micrograph - unmilled diamond 
compact annealed at 1600°C.
the effects of a number of factors such as variation in initial compacting 
pressure, percentage and state of metal or other binder, degree of 
deformation, etc., have not been investigated. However, it does show that 
at moderately elevated temperatures, pre-sintering adhesion occurs, as 
could be expected, from the greatly increased mobility of carbon 
atoms on the diamond surfaces at temperatures above 900° C. That true 
sintering does not occur under these conditions was shorn by scanning 
electron microscope micrographs from the two trial pellets (Figures 3.14 
and 3.15). The micrographs, taken at a magnification of x5,000 showed 
no significant difference despite the slight difference in densities and 
considerable difference in hardnesses,viz.480 and 100 VPN respectively.
The formation of graphite in the compacts containing nickel 
(285® by volume), described above, is consistent with the annealing 
behaviour of diamond. Thermal transformation of diamond to the more 
stable graphite, occurs at various temperatures depending upon the 
environment of the diamond. In vacuo, the transformation has been 
detectable after heating to temperatures in the range 1000 to 1600° C 
the temperature at the lower end of the range being reduced to 
650° C by the presence of oxygen Two possible mechanisms may
have been involved in the graphite formation occurring in the compacts.
As in the case of oxygen, the presence of nickel may have provided surface 
impurity atoms which tended to lower the surface energy of the diamond, 
and so promoted the carbon transformation at temperatures well below 1400° C, 
Alternatively, as the solubility of carbon in liquid nickel at 1350° C is 
about 9 at.$® (-^5)^ Up0n COoling, carbon could have been precipitated as 
graphite, especially as the annealing period of 1 hour at 1350° C was 
relatively long. The same mechanisms could also be operative for the 
synthetic diamond compacts particularly, as described in the next section,
shock-quench diamond is composed of very small crystallites and is very 
reactive,
A third, less likely, alternative requires the solution of nickel 
in diamond. In this case, the graphitization mechanism would be similar 
to that observed in metal-catalyst synthetic diamond in’which the trans­
formation occurs at 800° C, This graphitization is thought to occur 
because of the differences in the thermal coefficients of thermal expansion 
of the nickel inclusions and the diamond matrix v . This explanation 
is considered unlikely in this case as the graphitization of natural 
diamond has been observed to proceed generally as a surface phenomenon 
although it can be initiated at certain types of defect
As expected, the values of hardness shown in Figure 3.13, do not 
compare with those of Katzman et al who obtained Knoop values
of 2000 - 3000 according to the content of cobalt binder. These values 
for sintered diamond are just below those for whole diamond, whilst the 
largest of those in Figure 3.13, approach those for steel. The larger 
values of hardness obtained from the compacts containing nickel were 
probably caused by neither the sintering, nor the melting of the metal 
since nickel has a Vickers hardness of 210. It may be inferred from 
the measured hardness value, that either some minor degree of sintering 
involving the diamond had occurred or sintering of a nickel-carbon alloy 
only had occurred.
As shown in Figures 3.4 and 3.6, at the temperatures attained by
the compacts, the diamond powder would show considerable residual micro-
PF \strain (e ) and only a small increase in crystallite size (D ). This 
compares with the observations of Dunnington on the shock-wave
sintered compacts which gave considerable X-ray line broadening. The 
increased density and hardness of the compacts formed from the milled
. powders, are probably in part due to the existence of microstrain and 
large specific surface energies due to small crystallite sizes. These 
quantities and particularly the latter, have been found to be important 
in crystal kinetics, e.g. phase changes, and they are likely to be higher 
in powders milled with tungsten carbide balls due to the greater density 
of tungsten carbide. The presence of the activated tungsten carbide and 
milled nickel powder also provides an increased source of energy.
3*4 Microstructure of a Synthetic Diamond
3.4.1 Introduction
Polycrystalline diamond may exist in a number of forms. It may
be obtained as a loose powder, which is the residue following the milling
or crushing and grading of both natural and synthetic diamond and boarts,
or in compact form as ballas, carbonado find some types, of synthetic diamond.
The use of diamond grit in many technological fields, has become so extensive
that the need cannot be met from natural sources and so considerable efforts
have been made to produce synthetic diamond suitable for such purposes.
Synthetic diamonds have been produced by a variety of methods,
the most widespread of which is based on the transformation of graphite
to diamond at high pressures and high temperatures, under which conditions
the diamond structure is thermodynamically stable. Considerable effort
has been expended in developing methods involving temperatures and pressures
lower than those indicated by the carbon phase diagrams. These processes
(1
have included the catalyst-solvent methods , in which the use of
molten metals considerably reduces the need for ultra-high pressure 
apparatus. In addition, very rapid processes providing transient conditions
suitable for the promotion of the direct graphite-to-diamond trans-
(169)
formation, have also been successfully developed. Either the pressure
or the temperature ±3 momentarily raised to the high value required,
the other variable thermodynamical quantitybeing already maintained
at the required high value. An alternative approach is the shock-quench
method, in which there is a momentary realization of these high operating
conditions by the passage of a shock wave through graphite, the wave
being generated by the detonation of explosives
VJhilst the catalyst-solvent and shock-quench methods have been
commercially used for large scale production of synthetic diamond, other
processes have been reported. These have included the vapour deposition 
(172)
on seed crystals , and the epitaxial growth of diamond whiskers on
(1 )
a diamond substrate , both processes representing diamond synthesis
in a temperature-pressure regime where diamond is thermodynamically 
unstable with respect to graphite.
Although the properties and structure of monocrystalline diamond 
have been extensively investigated, polycrystalline diamond has, by 
comparison, received little attention. The microstructures of both 
natural and synthetic ballas and carbonado iXll) ^
have been examined, as well as that of the small diamond product resulting
(1 7ft ^
from the intense heating of graphite by a continuously run CO^ laser .
Plastic deformation has been observed in the bort, framesite, by de Vries 
(l79) . Structural examinations of rapidly formed natural diamond have 
been made by Lipschutz Sokhor et al who studied the
products from meteoritic impacts.
The product of the shock-quench method is, however, an interesting 
material, being small grained and suitable for fine polishing. In this 
synthesis, small graphite single crystals are dispersed in a metal matrix,
normally of iron or copper, which acts as a heat sink to quench the effects 
of the high temperatures produced by an explosion, so preventing the 
reconversion of the carbon back to graphite, after the passage of the 
• high pressures. Using electron microscopy, Trueb . examined the 
product of this process which, he reported, was a multi-phase mixture of 
single crystals and polycrystalline compacts showing strong preferred 
orientation, the properties of the monocrystals and the polycrystalline 
particles being close to natural diamond and the rare natural carbonado 
respectively.
The present studies were carried out to examine the structure of 
shock-quench diamond which, on account of the method of preparation and 
its reported crystallite size, is a unique material. It is of consider­
able interest both as an abrasive of technological importance, and also 
as the product of a direct graphite to diamond transformation occurring 
under exceptional physical conditions. Doubt has been expressed whether 
the direct graphite to diamond transformation is a solid state reaction.
Instead, a fluid phase has been suggested as being an intermediate state
(I ft? ^
between the two carbon polymorphs . No structural relationship
between the parent graphite and the diamond product has so far been 
reported so that no clues have been found regarding mechanisms or possible 
atomic movements. It was hoped that a detailed study of shock-quench 
diamond might help to resolve these questions.
3.4.2 Method and Results
The present studies were carried out on commercially available 
shock-quenched diamond grit in the size range 0-1 micron • Samples were
A Dupont shock-quenched diamond' marketed by Messrs. Van Moppes & Sons Ltd., 
Basingstoke, Hants, under the trade name fSupersyndia'.
examined using both X-ray diffraction and electron microscopy.
(a) X-ray diffraction studies
X-ray powder diffraction photographs (Figure 3.16) showed that 
the material was multiphase, the main component being cubic diamond. The 
lines corresponding to the other constituents were, in general, either'so 
weak or broad that unambigious identification was impossible. Whilst 
some of the few additional sharp low angle lines coincided with lines 
in the graphite pattern, none corresponded to lines in the patterns of 
hexagonal diamond (Lonsdaleite), iron or copper.
Powder diffractometry was used to obtain traces of the five 
reflections given by cubic diamond with copper Ka X-radiation. The 
profiles of the reflections were found to be asymmetrical, particularly 
at low angles, the asymmetrical broadenings occurring on the low and high 
angle sides of the 111 and 220 reflections respectively. These effects 
were considered genuine since a specimen holder only 50 microns deep was 
used to reduce any asymmetry introduced by the low X-ray absorption of 
carbon, and they were sufficiently large to prevent interpretation of the 
pattern either by integral line breadth, variance or Fourier methods. 
Assuming symmetrical profiles, the Scherrer relationship gave a crystallite 
size of about 100 2.
(*) Electron microscopy studies
A large number of electron micrographs and corresponding selected 
area diffraction patterns were obtained from a wide range of particles.
No particle thinning procedures were carried out. It was observed that 
single crystal electron diffraction patterns were obtained from 75^ of 
particles less than 1000 2 across, whilst particles larger than this nearly .

always gave polycrystalline patterns. It was also found tha.t some 40^ 
of the patterns from the polycrystalline particles assumed a character­
istic appearance, an example of which is shown in Figure 3.17, whilst 
another 257° of the patterns appeared to he related, showing only parts 
of the pattern presumably as a consequence of either variations in particle 
thickness or accident during the shock-quench process.
A typical pattern, shown in Figure 3.17, suggests that a large 
proportion of the Crystallites in the particle show strong preferred 
orientation. The pattern appears to be too symmetrical to conform with 
a simple fibre texture. It obviously does not show 'uniform distributions 
of intensity around powder rings, extended arcing or spot arrangement 
on 'layer' lines, in the manner to be expected if the fibre axis were 
respectively parallel, inclined or perpendicular to the electron beam.
The pattern, however, can be interpreted as resulting from a three-fold 
rotation of a cubic [ 112 ] or a hexagonal [1010 ] single crystal pattern, 
one of the three [ 112 ] or [ 1010 ] patterns being generally more intense 
than the other two. From the X-ray evidence, however, it was concluded 
that the crystallites were, in the main, cubic diamond, thus making the 
hexagonal [ 1010 ] explanation unlikely.
Confirmation of this proposed texture was obtained from the 
examination of the dark-fieId images from the 111 reflections. 'When 
comparing the dark-fieId images from the six prominent reflections on the 
innermost ring, it was found that reflections lying diametrically opposite 
(l80° apart) originated from crystallites in the same regions of the 
particles, the regions differing for each pair of reflections. It was 
also confirmed from the corresponding dark-field images, that the most 
intense pair of 111 reflections resulted from a diffracting volume larger than 
those contributing to either of the other two pairs of '(111) reflections.
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Fig. 3.17 Shock-quenched diamond
(a) electron diffraction pattern from a single particle
(b) indexing diagram for (a)
In all cases, the regions contributing to a dark-field image were 
found not to be continuous. Figure 3.18, shows that the diffracting zones 
consist of non-uniforraly dispersed crystallites. It was also found that 
the three pairs of 111 dark-field images accounted for most of the particle. 
High-magnification dark-field images revealed that the diffracting regions 
contained considerable sub-structure, and that they consisted of coherently 
diffracting domains of sizes lying in a range from about 20 2 to about 
200 2., Whilst there was no indication either of the acicular crystal 
habit, or of the fibre orientation observed by Trueb^^, many of the 
crystallites were lying in an ordered arrangement.
This was inferred from the presence of fringe systems, probably 
Moire fringes arising from double diffraction. These fringes often reveal 
misalignments which either resulted during the shock transformation or 
were present in the parent graphitb.
In addition to the main textural pattern, other isolated reflections 
occurred, particularly on the 111 ring, showing the presence of either 
larger crystallites or crystallite groups in other orientations. In 
addition, some selected area diffraction patterns showed a pattern of 
spots additional to the main three-fold [112] system. The spots 
belonging to this subsidiary pattern were broad and showed streaking 
always in a direction parallel to the [111] direction of the strongest 
[112 ] pattern, and sometimes also to the [in] direction of a second [112] 
pattern, (Figure 3.19). This subsidiary pattern was interpreted as a 
Lonsdaleite [1120] texture with the [0001] -direction also parallel to 
the main [111] -direction mentioned above.
Dark-field images of this second texture showed that the Lonsdaleite 
was widely dispersed throughout the particle and was in the form of thin 
plates about 10-20 2 thick and up to 100 2 across, the plate thickness also
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Fig. 3.18 Electron micrographs from shock-quenched diamond particle 
giving pattern in Figure 3.17.
(a) Bright-field image
(b) Dark-field image from one of the strongest 111 
reflections.
Electron diffraction pattern from a shock-quenched 
diamond single particle - streaking shows existence 
of Lonsdaleite platelets.
agreeing with streak lengths*
The maximum radial extent of the reflections from any particle 
never exceeded 7° which gave a range within which the preferred orientation 
was confined. Tilting experiments showed that the main textural patterns 
persisted for tilts up to 40°, from which an average crystallite size 
of 40 2 parallel to the electron beam was estimated.
(c) Spectroscopy
Infra-red laser Raman, spectroscopy was attempted on both natural and 
shock-quench diamond, but due to the non-transparency of the powders, no 
information could be obtained about the defect structures.
3.4.3 Discussion
Allowing for the fact that‘the samples for X-ray diffraction 
included both monocrystalline and polycrystalline particles, the crystallite 
sizes given by X-ray diffraction, always weighted towards the larger sizes, 
is consistent with the range of values given by electron microscopy. The 
asymmetry of the X-ray lines may, in part, be explained, upon the evidence 
of the electron patterns, by the presence of very broad Lonsdaleite lines.
In the case of the 111 reflection, the asymmetry does not suggest 
stacking faults in the cubic diamond structure. Confirmation that only 
a small amount of the Lonsdaleite phase was present in the synthetic 
diamond was given by the absence of Lonsdaleite X-ray powder diffraction 
lines at expected positions well clear of diamond lines. The relative 
intensities of the X-ray diffraction lines were measured and are shown, 
together with the accepted standard relative intensities, in Table 3.3*
(i/ )Table 5.5 Relative Intensities of X-ray Diffraction Lines v ' Ioy
hkl
*
Diamond Synthetic diamond
111 100 100
220 27 17.5
511 16 8.5
400 7 0.7
551 15 9.0
* ASTM X-ray Powder Diffraction Pile 6-0675.
The discrepancies between the two sets of intensities listed in
Table 3.5 cannot be explained solely by the presence of the small amount
of the second carbon phase, Lonsdaleite. However, similar types of changes
in relative intensities have been observed when computing diffraction
profiles using the Debye interference function, the profiles being computed
either for very small crystals or those possessing a paracrystalline nature.
Using the modified method of Kaplow et al, described in Section 4.7.2, the
envelope to the reduced radial electron density function obtained from
the observed X-ray scattering profile, indicated a crystallite size in
the range 20-30 2. Prom the computed profiles for diamond crystals having
sizes 17 and 35 2 across, the values of i/i for the 220 reflections wereo
8 and 18 respectively. The latter value is close to that shown in column 
3 of Table 3.5. Reasonably good agreement was obtained between the observed 
X-ray scattering profile and that computed for crystallites with sizes 
in the range quoted and having a paracrystalline distortion of about 0.5/^ . 
The foregoing deductions were based on the assumption that there was no
preferred alignment of the powder, particles examined by X-ray diffraction. . 
Were there any preferred orientation, it did not accord to the [112 ] 
texture observed by electron diffraction, to be discussed next in this 
section, so it was concluded that the particle morphology was insufficiently 
pronounced to affect the packing of the powder in the diffractometer 
specimen holder.
It was suggested by Anders that any diamond produced by
the application of a shock wave down the c-axis of a graphite single 
crystal will show strong preferred orientation related to the morphology 
of the graphite crystal, so that the high incidence of the three-fold [112] 
texture must be significantly related to particle morphology. Hence it
would appear that these particles had at least, one fairly flat face which
was parallel to the carbon support film and also to the basal planes of
the original graphite particles.
An explanation of the main graphite-diamond transformation is 
as follows. The structural relationship between the [112] diamond 
orientation and the basal parent graphite orientation is shorn in Figure 3.20. 
The analogy with the planar, boat and chair carbon atom arrangements of 
organic chemistry can readily be seen. Comparison of the bond lengths 
between carbon atoms lying in the two types of plane, shows that the 
diamond bond length parallel to < 110 > directions differs from the < 1120> 
type graphite bond lengths by only about 2fo. On the assumption that, 
upon transformation, a graphite K 1120 > bond becomes a diamond < 110> 
bond, then a graphite { 1010} plane becomes a diamond { 111} plane.
Figure 3#20 also shows that there are three < 1120> directions, 120° apart, 
in the graphite basal plane, so that there are three possible orientations 
for a [112 ] diamond crystal and the threefold nature of the pattern 
follows.
c
[1210]
(a)
(b)
112]
[iio]
[111]
(c)
3.20 Diagram showing relationship between (a) graphite,
(b) Lonsdaleite and (c) diamond; shown with same 
scale and orientation.
Other textures have been reported for polycrystalline diamond, 
(174)Trueb and Barrett found that natural ballas diamond has radial
distribution, each radius showing a [ 110]; fibre texture whilst natural
(176) . (64)
carbonado showed random orientation • Trueb reported that a
mixed phase shock-quench diamond had a combined [110] [ 1120 ] Hei fibre
texture normal to the electron beam, the crystallite morphology being 
acicular. Trueb however, observed crystallite habits other than
acicular. Different varieties of particle morphology and crystallite 
habit result from variations in either the conditions employed in the 
explosion shock-wave synthesis or parent graphite, e.g.
changes in particle size, shape or substructure. Such variations may well 
account for the various textures reported, such as that described by Trueb 
and that described in this investigation.
The [ 112} texture described above may be obtained either by a 
direct graphite to diamond transformation or by way of the hexagonal 
phase. The graphite-lonsdaleite transformation was proposed by Bundy 
and Kasper the two carbon hexagonal polymorphs being structurally
related with the two b- or < 1210 > axes parallel and the Lonsdaleite [0001] 
-axis parallel to the graphite [1010] -axis. The Lonsdaleite basal 
planes are thus normal to the graphite ^asal planes. The transformation 
can be achieved by the relative displacements of adjacent pairs of <1210> 
rows, together with relative shears on alternate graphite basal'planes 
as shown by the arrows in Figure 3.20.
The Lonsdaleite is suitably oriented for a second diffusionless. 
transformation, most likely activated by the passage of Shockley partial 
dislocations, so that the close-packed Lonsdaleite basal planes become 
close-packed {ill} -type diamond planes normal to the original graphite 
basal planes. This transformation, although analogous to the hexagonal
‘ to cubic transformation in cobalt is, because of the bonding, complicated 
and would involve both shears and rotations, which, however, must be so 
co-ordinated in size and sequence to keep the energy required for bond 
breaking and re-making to a minimum. The wurzite-cubic diamond trans­
formations have also been observed in boron nitride, and form part of the 
graphitic-metallic transformations which result from pressure and temper­
ature variations in the iso-electronic series, occurring in both the 
Group IV elements and the III-V compounds.
Since only the first and end carbon structures have been revealed 
by this study and no thermodynamic data about the process is available, 
there is no way of deciding whether the transformation was direct, or 
involved the Lonsdaleite phase which is stable at intermediate temperatures. 
The latter transformation probably requires far less energy than was 
provided by the explosive shock. Hence, further speculation on the 
Lonsdaleite-cubic diamond transformation appears inappropriate in this 
report.
The [ 110 ]
be related to the original graphite orientation by way of the relation­
ship between the < 1120 > -type bonds in graphite and Lonsdaleite and 
the <110> -type bonds in cubic diamond, described earlier. These 
axes are parallel in the transformed materials, both the Lonsdaleite and 
cuhic diamond crystals having random orientation about this common axis. 
Trueb does not attempt any detailed explanation of possible transformation 
processes. The differences between this work and that of Trueb may arise 
from the fact that the earlier Dupont synthetic diamond examined by Trueb 
was predominantly hexagonal, whereas the diamond here was almost entirely 
cubic.
[1120 ] „ fibre texture described by Trueb can also 
Hex .
3*5 Conclusions
Although, under normal conditions, diamond is thermodynamically 
unstable, it behaves as other brittle materials. When subjected to heavy 
deformation, in particular, in the form of milling, induced strain is 
relieved by fracture and cleavage. However, when the crystal dimensions 
are reduced well below sub-micron sizes, plastic deformation occurs with 
retained strain and well defined crystal morphology is no longer exhibited. 
Micro-strains in the region 0.001 to 0.002 were recorded. The corresponding 
crystallite sizes were about 200 2. Good agreement between the crystallite 
sizes measured by X-ray diffraction and electron microscopy was observed. 
Anisotropy was observed in the microstrain and crystallite size, least . 
strain being retained parallel to <111>. The small particle sizes
a
exhibited by milled diamond leads to high surface energies, so that the 
former type of energy is the more important quantity when considering 
various crystal growth mechanisms.
Upon annealing after plastic deformation, diamond exhibits strain 
relief and crystallite growth in a fashion' similar to most inorganics. 
However, because of the thermodynamical instability of diamond, the range 
of annealing temperature is restricted, so that annealing changes were 
also small.
Pre-sintering adhesion in diamond powder was found to exist, in 
common with materials such as alumina, and was seen to be affected by 
the severity of the milling and the presence of a binder. As more severe • 
milling reduces the crystal size, the adhesion was probably accentuated 
the corresponding increase in specific surface energy. For the 
reasons mentioned above, the range of pre-sintering’ temperatures was 
restricted. Graphite was formed in sintered compacts containing 28 at. wt.$£
nickel if the temperatures were raised above 1250° C. Measured hardnesses 
in the pre-sintered compacts were in the region of 500 VPN, a value approx­
imately attained by mild steel.
A study of the micro-structure of a polycrystalline diamond formed 
by the explosion shock-quench method shows that the process can give a 
predominantly cubic diamond product. Much of the product crystallizes 
with a three-fold [112 ] texture, a texture not previously reported.
The crystallites within considerably larger particles had sizes in the 
range 20-200 2. A small proportion of a second diamond phase, the hexagonal 
Lonsdaleite, was also present, in the form of very platy crystallites some 
10-20 2 thick and having a texture intimately related to that of the cubic 
diamond. Although an accurate detailed analysis of the X-ray line broadening 
was prevented by the presence of this second phase, together with other 
probable impurities, a study of the relative intensities of the lines 
suggested small crystallite size, between 20-25 2, and a microstrain of 
about l/o.
The structural relationship between the graphite and cubic diamond 
polymorphs can be explained, for suitably oriented graphite crystals 
subjected to the shock-quench process, in terms of a martensitic transformation, 
the transformation being either direct or through the intermediate high- 
temperature stable Lonsdaleite phase. The shock-quench method provides 
considerable transient energy, far more than required for the second 
transformation and probably sufficient to break and re-form carbon-to- 
carbon bonds and overcome nucleation barriers. As only the initial and 
final structures are reported, no information concerning the intermediate 
processes is provided and further thermodynamical data would be'required 
to determine the actual transformation mechanisms. .
CHAPTER 4
X-RAY DIFFRACTION FROM VERY SMALL CRYSTALS
4.1 General Introduction
It is well established that the properties of crystals are modified 
by the presence of defects with substantial changes taking place in both 
physical and chemical behaviour. Increases in resistivity, chemical 
potential, and chemical reactivity have been reported. It is also known 
that the surface properties of crystals are different from their bulk 
properties and the effects of these differences are maximised by increasing- 
the relative surface areas of crystals.
It is virtually impossible to change the defect structures of 
crystals without changing crystal sizes and vice versa. Most comminution 
processes, e.g. ball-milling, also introduce defects into the particles 
whilst deformation processes such as explosive or thermal shocking also 
reduce the sizes of the constituent crystals or crystal mosaics. Although 
the changes brought about in crystal structure to enhance the reactivity 
of powders constitute only a minority of the factors affecting their 
behaviour in reactions such as sintering, catalysis, eic., the character­
isation of fine powders in terms of particle and crystallite sizes and 
defect structures is essential for a complete understanding of such processes.
The same general considerations also hold for crystals which are 
very small and have defective structures as a result of the crystallisation 
conditions. They may be produced by such methods as thermal decomposition 
and rapid chemical reactions which are allowed to proceed at relatively 
low temperatures to inhibit crystal growth. They may also be observed in 
polyethylenes produced by a high pressure, free radical polymerisation
process using peroxides as initiators. Many crystalline components, whether 
mineral or organic in nature, found in biological systems are also in 
this category.
Common features of the diffraction profiles from small distorted 
crystals are the very broad peaks, which usually overlap extensively, and 
the very large increase in background., With many catalytic powders, 
most of the usual peaks have actually vanished, leaving a few broad 
humps and extensive background containing most of the diffracted intensity. 
As all the conventional profile analysis methods concentrate on certain 
hkl reflections, usually those with multiple orders, such as the 111 
and the 222, they miss most of the information available which is in 
the fluctuating intensity of the background. It is obvious that a new 
approach is needed here, and one possibility is the comparison between 
the complete observed and computed diffraction patterns. The computations 
can be made to include variations in the patterns as a result of changes 
in crystallite size and different kinds of crystal defects, and to encompass 
the whole range of diffraction, and not to confine the calculations to 
the peak regions only.
The aim of this work is to investigate this possibility and, since 
the method employed is fundamental, to establish the effects produced by 
various kinds of crystal defect. The principle is based on the normal 
treatment of diffraction from liquids and gases. A mathematical model 
is assumed for the representative small crystal with the postulated body 
and surface defects. All the various existing atomic pairs within the 
crystal are noted, and their individual diffraction profiles computed 
assuming random orientation. By summing over all possible pairs, the 
total diffraction profile is computed and compared with the experimental 
profiles obtained. The model can then be modified to give better agreement
between the profiles, as in conventional structure analysis.
4*2 Diffraction from Small Crystals
During the last quarter of a century there has been a steadily 
increasing interest in very small crystals, or crystallites, of dimensions 
less than 100 2. This interest has been stimulated by advances in a 
large variety of techniques, some in production processes and others 
involving methods of observation of the properties of such crystals, in 
particular, electron microscopy. Very small crystals occur in a widely *
( cr\\
diverse range of materials which include catalysts , the products of
(169)
plasma arcs or explosive forming, e.g. synthetic diamond , whilst the
constituents of biological composites, such as bone apatite and wood
/ 1 O r7 \
cellulose exhibit small size in at least one dimension.
Considerable difficulties arise, both from theoretical and practical 
points of view, when attempts are made to obtain satisfactory X-ray and 
electron diffraction patterns from crystallites having such small sizes 
and in the subsequent interpretation of the patterns. During the period 
mentioned above, considerable attention has been paid to the theoretical 
treatments which have been devised to deduce structural information from 
changes in peak position integral line breadths and the
profiles of the lines either by Fourier or variance methods (^0) (2l)^
Some of the treatments involve lattice summation techniques-and they become 
questionable as the number of unit cells becomes vanishingly small. Other 
treatments involve assumptions or approximations which also become invalid 
with decrease of crystallite size. Despite corresponding advances in 
experimental techniques, the X-ray profiles from these crystallites are 
still so broad that the overlapping of reflections, with the attendant 
uncertainty in deciding the background position, presents considerable
. problems in ascertaining the 1 true1 profiles to be used for analysis.
In extreme cases, the line pattern is reduced to only one or two of 
the strongest lines whose peak intensities are considerably reduced when 
compared to those arising from large crystals. Simultaneously there 
appears to be a general increase in the background which is greater than 
would be expected simply from the broadening of the hkl reflections.
When this happens, profile analysis is usually made only in terms of 
crystallite size and crystallite size distribution, with little or no 
information of structural imperfections being afforded.
Electron diffraction and electron microscopy have also been used 
in the observations on small crystals, but neither method has met with 
marked success when applied to the study of the defect structure of extremely 
small crystallites, although the recent advent of very high energy electrons 
has increased the possibilities for such studies. Hardly any work, comparable 
with X-ray line broadening studies, is reported for polycrystalline electron 
diffraction patterns.
An alternative and more generally valid approach to the analysis of
diffraction patterns from molecular groupings and crystals of all sizes is
(5l)the use of the Debye interference function . The method can be used 
to predict the diffraction pattern over the whole range of observation, 
including background, for randomly oriented crystallites or molecules. 
Calculations involving this function become laborious when the number of 
atoms in the crystallite is large (many thousands) and so it is desirable 
to find the lower limit of crystallite size to which the more standard 
treatments can be applied. This can be found by the comparison of the 
calculated profile using the Debye interference function and the profiles 
obtained from samples with crystallites of appropriate size.
Such comparisons have been made for peak positions and line widths 
for face-centred cubic structures aromatic molecules '
have been extended to the integrated intensities for diamond They
have also been made to show the existence of an ’amorphous1 hydroxyapatite
(192)component in bone . Whilst in all these studies the possible effects
of defect structures have not been considered either as regards the line
(l93)profiles or backgrounds, Ergun has investigated the effects on X-ray
scattering that arise from very defective lattices, especially in the case 
of diamond and graphite. The intention of this work is to investigate 
the effects on the diffraction pattern that may occur as the result of 
both small crystallite size and the presence of various types of defects 
that are likely to occur in such crystals, and to relate the results to 
materials of various technological interest.
4*3 The Debye Interference Function and its Computation
Neglecting a number of factors such as absorption, Lorentz-polarisation 
factor, etc. the intensity distribution in the diffraction pattern from a 
randomly oriented assembly of crystals can be attributed to the behaviour 
of the Debye interference function which can be written as
N N -
p q
53 = Z 1 fnfa {sin(2lTSrpq)/2lrSrDa} (1)p=l q=l P q Pq Pq
2sin 0where s = • r = distance between nth and qth atom and
— 7 —  ' P4
f and f are the atomic scattering factors of the pth and qth atoms.
p q
The double summation is taken over the two kinds of atom including p = q.
0 and X are the Bragg angle and wavelength respectively.
This equation may be appreciated by noting that it describes the 
diffracting object as a system of N scattering points and atoms. The
total amplitude of the diffracted beam in the direction defined by the 
vector s is the phase related combination of the amplitudes of the waves 
arising from every possible pair of atoms in the object.. The intensity 
which is proportional to the square of the total amplitude, is thus given 
by every possible combination of product of amplitude, but, since random 
orientation of the crystallites is assumed, average phase related amplitudes 
must be used in the products. The resulting powder diffraction pattern 
will depend only on the lengths of the inter-atomic vectors jr and not 
upon their mutual orientations. This equation is discussed further in 
Appendix A.
The equation may be used in two ways. The more extensive use has,
so far, been the determination of the structure of materials exhibiting
little long-range order such as gases, liquids and the so-called amorphous
solids, particularly glasses and carbon blacks. This is possible since
the Debye interference function can be related to the radial Patterson and
electron distribution functions. In favourable circumstances, and with
the considerable experimental expertise needed to obtain a sufficiently
high degree of accuracy in the production and interpretation of the X-ray
diffraction profiles, the radial atomic or electron density distribution
(l94)functions have given information out to the fifth nearest neighbours .
The X-ray diffraction profiles from such materials are characterised by
the occurrence of diffraction maxima only at low angles whilst the main
contribution to the high angle scattering is from the incoherent component.
Crystalline materials having long range order give X-ray diffraction
maxima throughout all the observable pattern and the method has also been
applied in a few cases of crystalline material, to the study of short-
(l95)range disorder, e.g. lead near its melting point . In this case,
the whole of the observable profile was used, including the high-angle
peaks and background. The second use of the equation is a basis for the
computation of diffraction profiles for different physical conditions of
the scattering media.
The earlier investigations using this function used hand calculations
and so were restricted to the simpler cases. These were related to
electron diffraction studies on vapour-deposited copper for which Germer
and White kave discussed the anomalous relative intensities of the
111 and 200 reflections. Distler and Pinsker (^6) kave considered the
effects of molecular packing on the electron diffraction patterns from
polyvinyl alcohol crystals.
More recent work, however, has required the use of computers which
have permitted the investigations of more complicated structures and larger
(197)crystallites. Grigson and Barton have extended the work of Germer
( 3 Qfi )
and White on small f.c.c. crystals. Ergun et al have computed
profiles for various aromatic, hydroaromatic and tetrahedral structures
of carbon. Amongst these were profiles of diamond crystals of sizes
3. x 3 -x 3 and 10 x 10 x 10 unit cells respectively. These profiles
were discussed by Tiensuu et al who found, for the first eight
reflections, good agreement between the peak positions and line widths
obtained from computed curves for the larger crystallite size, with the
corresponding values obtained from the Laue and Scherrer equations.
In addition, Tiensuu et al found good agreement between the integrated
(199)intensities obtained by the Darwin formula for the same reflections
and integrated intensities obtained graphically from the computed curves,
(l92)Bienenstock and Posner examined the effect of variations in crystallite
size, from 1 to 20 unit cells, upon the diffraction pattern from hydro^j- 
j^apatite, a compound with 42 atoms per unit cell. Such a task required 
programming to give maximum economy in computer use. Upon comparison
of their computed and experimentally obtained curves, they concluded that, 
since maxima were occurring at Bragg angles not to be expected from the 
computed curves, a different phase must be present. This conclusion was 
based upon the finding that, for all crystallite sizes, maxima never occur 
at angles other than the Bragg angles to be observed for large cyrstal 
sizes. They admit, however, that they did not consider the effect of 
defects.
To reduce the labour involved in their hand calculations, Germer
n —and White approached the problem of finding the numbers of atoms 2
apart by considering spherical shells within an infinite crystal by approx­
imations which produced less significant inaccuracies the larger the 
crystal size considered. The computer method of Diamond consisted
essentially of choosing four molecules of arbitrary shape, but of a 
particular size range, constructing their Patterson functions, adding 
these together, dividing by the total number of atoms in the four molecules 
to normalise to a scale of scattering per atom, and inverting the result 
by the Debye formula. Bienenstock and Posner followed the method adopted 
by Tiensuu et al and Ergun et al. Rather than use the Debye interference 
function directly, it proved simpler to grow the crystallites on the computer. 
The program first calculated the scattering intensity for a single unit 
cell, the crystallite then growing in size by the addition of new unit 
cells one at a time, the program indicating which faces, edges or comers 
on the existing crystallite and newly added unit cell were to be commonly 
shared.
4.4 Method
The computation consisted of two main parts. These were the
calculation of the number of pairs of atoms (n ) in a crystallite which
PQ.
were of a given separation (rpq) an(^  summation of the various inter—
ference functions corresponding to each value of rpq> ^or different
values of s (= 2Sin6^
X
Since it was intended to investigate the effects in the powder
diffraction pattern of both crystallite size and structural defects,
computational tasks additional to those described in the previous section
had to be carried out and so economy of computer space became an important
consideration. Instead of adopting a straightforward approach to the use
of the equation stated earlier by evaluating the co-ordinates of the N
atoms comprising the crystal so that the atomic separations (rpq) an^
numbers (n^) of such separations could be deduced, it was decided to
determine these quantities from the geometry of the crystal. The shapes
of the crystallites were restricted to parallelepipeds, the more likely
shapes thereby being included. The numbers (np) °£ each inter-atomic
separation (r ) are not significantly changed when comparing spherical pq
and equi-axed crystals.
The main changes in programming that had to be undertaken concerned
the values of n . In the case of an undistorted crystallite, this pq
number is a straightforward function of the crystallite size and shape. 
However, more complicated geometrical conditions had to be established 
when distortions or vacancies were introduced into the crystallites.
Nickel was choseh as the principal material for investigation on 
two accounts. Due to its high symmetry, this element crystallizes with 
a simple geometrical structure. In addition, it is a suitable material 
with which to produce very small crystallites, without the need for expensive 
and complex experimental arrangements.
- The majority of the profiles for nickel were drawn in terms of 
l(s), the normalized intensity per unit atom, as a function of s, or of 
the Bragg angle (©) for copper radiation. This function was chosen since
the diffraction pattern generated is one representative of an assemblage 
of point scatterers and is independent of the type of radiation and the 
experimental arrangements.
The way in which the Debye interference function generates a 
diffraction profile is demonstrated in Figures 4.1, 4.2, and 4.5. The 
figures are those obtainable from a single unit cell of nickel, which is 
a simple and possibly practical example. Details of this crystallite 
are shown in the insets of Figures 4.1 and 4.2, on which various,diffraction 
contributions are presented. These contributions are illustrated by the 
curves which are numbered (i) to (vi), each of which is a plot of the 
function
n
Pq
Sin(27Tsr ) 
pq = n
pq
S in (4 T rr  Sin©/x)
..........p.g____
2 irs r
L pq J
4 ir r  Sin©/ X  
-  pq
(2)
against 0, the angle of diffraction. The curves (i) to (vi) have 
been drawn in the order coinciding with the increase in the inter-atomic 
separations (rpg) permitted by this particular size of crystal. Examples 
of each type of inter-atomic distance or bond-length (r ) are -shown in
pq
the relevant inset by the side of which there is a table listing the inter­
atomic separations and the total number of such distances (n^). Neither 
a figure nor a table appears for curve (i), which is a straight line 
representing the scattering from pairs of atoms such that r = 0 and 
this occurs when p = q, and so the isotropic scattering represents that 
from the 14 individual scatterers forming the structure.
Values for the Quantities n and r occurring in the function
pq pq
stated above were calculated from the geometry of the crystallite. The
Fig. 4.
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Intensity contributions for some inter-atomic distances occurring 
in one unit cell of nickel (14 atoms). Curves (i), (ii) and (iii) 
show the angular intensity distributions for the inter-atomic 
distances r=0, 2.49 and 3.52& (see insets) respectively.
Fig. 4.2. Continuation from Fig. 4.1. Intensity contributions for inter­
atomic distances r = 4.31, 4.98 and 6.10& shown as curves (iv), 
(v) and (vi) respectively.
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Fig.. 4,3 Intensity profile for one unit cell of nickel. Profile obtained 
by the addition of curves (i) to (vi) in Fig. 4.1 and 4.2.
number n , shorn in the tables, is twice the number of inter-atomic 
PQ.
vectors r ^  present in the crystallite, since the summation requires each 
p atom to be paired with each q atom, and each q atom with every p atom, 
with the exception of p = q which gives a value of ri = 14 (curve (i)). 
The quantity n acts as the amplitude term in the expression whilst the 
periodic variation has a repeat distance (or 'wavelength') which depends 
on the value of r • It is seen that the repeat distance or 'wavelength'
pq.
parallel to. the ©-axis decreases with increase in r , whilst the
pq
overall decreasing amplitude of each curve with increase in 0, follows
Sinthe behaviour to be expected from a a vs, a plot. Curve (i) also
ot Sin
agrees with this function since when a = 0,___ ® = 1 for all values of 0.
a
The addition of the curves (i) to (vi) gives the curve shown in
Figure 4.3. This shows considerable variation over the full range of 0.
SinIt takes the maximum value of 196( = EEn  ^ at 0 = 0 where all the a
pq ”*a
pq
functions have the value of 1. It rapidly drops to its lowest value of
about 2 at 0 = 9°and then shows two well defined maxima at © = 22° and
© = 44.5° with further minima at 0 = 33° and © = 57° respectively. A
third but broader peak occurs at 72-73°. The general appearance of the
diffraction pattern is that, after its initially rapid drop from the
maximum at © = 0, it tends to oscillate about the line I = 14, Usually,
however, curves such as illustrated in Figure 4.3 are normalized to the
intensity per atom l(s) by dividing throughout by the total number of
atoms (Nt) in the crystal.
Since it is physically impossible for negative intensity values
to occur, any computed curve showing such values must result from faulty
calculations. The faults are most likely to arise when determining the
p p-1
numbers n . One check is to make the summation E I n , excluding
pq pq
p=lq=l -*j
p =r q. This sum should equal the product “ ^)» which is the total
number of bonds in the crystal,
4.5 Results
The results may be divided into two main groups. The first group 
shows the way in which the diffraction pattern changes with crystallite 
size whilst the second group indicates additional changes which result 
from the introduction of certain types of crystal defect.
4.5.1 Variations in Crystallite Size
Figures 4.4, 4.5 and 4.6 show the profiles that have been computed 
for the entire range of © (0-90°) for the diffraction of copper X-radiation 
(A = 1.54 2) by equi-axed crystals of nickel (a = 3.52 2). The crystallite 
sizes selected were 3.5f 17.5 and 35 2 respectively. In Figures 4.4 and
4.5 two curves are compared. In both figures, curve (i) shows the 
©-dependent variation of the normalized intensity, l(s), whilst curve (ii) 
shows the ©-dependent variation of the intensity I. The two curves are 
related by multiplying each l(s) value by two quantities which are (a) tr (©), 
where f (e ) is the atomic scattering factor, and (b ) the appropriate poly­
crystalline Lorentz-polarisation (IP) correction. The first factor is 
introduced to allow for the finite size of each scattering centre, and 
modifies the l(s) pattern in a fashion analogous to that in which the
finite slit dimensions modifies overall the intensities of the optical 
diffraction grating spectra. The second factor is a trigonometrical 
function which arises from (a) the polarisation of the scattered X-rays 
by the atoms, and (b) diffraction geometry of the powder method. The 
intensity distribution (i) is that which is more directly comparable with 
observed X-ray profiles. Although a number of other factors which are either
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Fig. 4.4 Intensity profiles for one unit cell of nickel. Curve (i) -
normalized intensity I(s), obtained by dividing profile in Figure 4.3 
by number of atoms in crystallite (Nrj, = 14), Curve (ii) intensity 
profile of (i) corrected for Lorentz-poldrisation and f.
7/s;
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Fig. 4.5 Intensity profiles for nickel polycrystalline sample - crystallite 
size 18&, Curves (i) and (ii) show normalized and corrected 
profiles respectively as Figure 4.4.
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Fig. 4.6 Intensity profile for polycrystalline nickel - crystallite size
35$, corrected for Lorentz-polarisation and atomic scattering factors.
instrumental, e.g. film response, focussing aberrations in diffractometry, 
etc. or radiation effects such as parasitic and incoherent radiation, have 
been neglected, their omission may be justifiable as a first approximation 
with the broad peaks shown.
A number of features exhibited by these figures are noteworthy.
As the crystallite size is increased so the diffraction patterns become 
more and more similar to that of polycrystalline nickel. The maxima 
become sharper and greater resolution is achieved, so that, when the crystals 
reach a size of about 40 2, well-resolved maxima occur at positions virtually 
coincidental with those reported for the various hkl reflections for 
nickel. These positions are indicated in Figure 4.6. It is noticed that, 
in general, the positions of the groups of strongest hkl lines in the 
patterns arising from the larger crystals coincide with those of the broad 
maxima in the patterns of the smallest crystals. Comparison of Figures 
4.4 and 4.6 show that the three broad maxima in Figure 4.4 cover the 
same regions as those occupied by the groups of reflections 111 200, 220 311 
and 331 420 respectively in Figure 4.6. Thus, for the smallest crystals, 
it does not seem sensible to refer to the diffraction maxima in terms of 
’hkl’ reflections since the lines are irresolvable and the concept of 
Bragg planes seems to be of little value. When considering Figures 4.1 
and 4.2 in relation to these figures, it would appear that the spread of 
resolution into the high angle region with increasing crystallite size 
results from intensity contributions of longer wavelength arising from 
the shorter inter-atomic vectors.
Figures 4.4 and 4.5 show that the normalised intensity pattern is 
more sensitive than the experimentally observable pattern to change in 
this small crystallite size region. The latter pattern tends to magnify 
any small oscillations at the low angle end and to reduce resolution at
the high angle end.
Figures 4.7, 4.8 and 4.9 illustrate, in more detail, the computed 
diffraction pattern in the region covered by the first broad peak shown 
in Figures 4.4 and 4.5. This region was chosen since it includes the 
first two reflections, 111 and 200, in the nickel pattern. These two 
strongest reflections have also extensively been used for analysis in the 
study of Raney nickel These diffraction patterns were computed
for equi-axed crystals having the dimensions 7, 17*5 and 105 2 respectively 
and the increasing resolution of the 111 and 200 reflections is apparent. 
Fringes, or small secondary maxima, occur in the tails of the reflections, 
even of the largest crystals.. These are caused by, and vary with, crystal 
shape, and these shape transforms are usually important only for small 
crystals and at low angles.
The computed profile for 50 2 crystallites of the oxide, ceria, 
is shown in Figure 4.10, and its general characteristics conform with 
those outlined above for nickel.
All the profiles in Figures 4.1 to 4.10 have been computed for 
copper K(a ) X-radiation. The effect of the presence of the 
doublet has been ignored since, for the smaller crystallite sizes, it will 
have little effect on the diffraction pattern in which even the high angle 
hkl reflections are irresolvable.
During the computation of the diffraction effects described above, 
some details about the relative numbers of atoms, vectors etc. present in 
the crystals were .obtained. These are given in Table 4.1, and Figures 4.11 
and 4.12. Table 4.1 lists the sizes and numbers of atoms and bonds for 
the various crystal sizes considered.
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Fig- 4.7 Corrected intensity profile for polycrystalline nickel, crystallite 
size 1% over angular region normally occupied by 111 and 200 
nickel reflections.
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Corrected intensity profile for polycrystalline ceria, 
crystallite size 50&.
TABLE 4.1
Numbers of Atoms and Inter-atomic Vectors as Functions of Crystallite Size
Size of crystal in 
terms of unit cells
Volume
(2)5
Number of atoms
(n t )
Number of inter­
atomic vectors
1 x 1 x 1 (= l) 44 14 91
2 x 2 x 2  (=8) 350 63 1953
5 x 5 x 5 (= 125) 5450 666 221,445
10 x 10 x 10 (= 1000) 44,000 4631 10,720,765
In Figure 4.11,curves (i) and (ii) show the relative numbers of 
atoms and unit cells on the surfaces of crystals respectively. These 
numbers are of interest when considering the high reactivity of such small 
crystallites with high specific surface areas.. Each curve shows rapid 
decrease near the origin with a far smaller decrease for larger crystal 
sizes. Figure 4*12 shows the change in the numbers of the six nearest 
neighbours about any one nickel atom in the crystallite. The height of 
each line gives the number whilst the letter below the line refers to the 
relevant crystal size. The separations of the 1st, 2nd, 3rd, etc. nearest 
neighbours are 2.49, 3*52, 4*31, etc. 2. The height of the last line in 
each group indicates the numbers of such nearest neighbours for an 
infinitely large crystal.
4*3.1-1 Integral Breadths and Profile Shanes
Integral breadths were measured for the 111 and 200 reflections 
for nickel crystallites of various sizes using profiles computed as
o/o
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Fig. 4.11 Variation of relative numbers of surface atoms and unit 
cells with changes in numbers of unit cells of nickel.
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described in the previous section (see also Figures 4.7, 4.8 and 4.9).
The integral breadths (p), shown in Table 4.2, were obtained from profiles 
showing the variation of l(s) x f(©) x Lp(©) with Bragg angle (©), 
which function represents the coherent scattering per atom.
TABLE 4.2 Integral Breadths
Size of crystal 
(NxNxN unit 
cells)
Crystallite 
size 
(=Na) (A)
hkl
P
rads 
(xlO )
Crystallite 
size 
t (A)
*200
*111
5x5x5 17.6
111 8.74 19.0
1.05
200 8.55 20.0
10x10x10 55.2
111 4.97 33.4
1.17
200 4.36 39.2
15x15x15 52.8
111 3.27 50.7
1.11
200 ' 3.05 56.1
20x20x20 70.5
111 2.62 63.5
1.18
200 2.27 75.4
The crystallite size, t, was calculated by using the Scherrer
formula t = A , where p is the breadth of a powder line, the 
pcos©
)
instrumental broadening being negligibly small, and K is a constant 
approximately equal to unity. Considering the usual difficulties inherent 
in estimating the positions of the backgrounds and resolving reflections 
which are close together, especially in the case of the smallest crystals, 
the agreement is good. For each crystal size, the broadening of the 111 
line was greater than that of the 200 line and conversely the crystallite
size given by the 111 reflection was smaller than that afforded by the 
200 reflection in each case.
It was also observed that the areas under corresponding reflections 
were the same for each crystal size to within about 6%. -
This was confirmed by noting that the ratio of the integrated intensities
1$. This shows that the energy scattered by each atom is simply re­
distributed along the profile as the size of the crystal is varied. The 
values of the ratios of the apparent sizes given by the 111 and 200 
reflections of these crystals, shown in column 6 of Table 4.2, agrees 
well with the anisotropic crystal size factor for crystal shaped as 
cubes, given by Stokes and Wilson (^OO) as
The shapes of a number of computed diffraction maxima were 
investigated to ascertain whether the profiles conformed to any recognisable 
function. It has been proposed that polycrystalline X-ray diffraction 
lines have intensity distributions which follow, to a good approximation, 
either Cauchy or Gaussian functions. Experimentally, broadened lines have 
indicated strain distributions which are closely Gaussian whilst crystallite 
size broadening shows, long tails best described in terms of the Cauchy 
function. The computed profiles for crystallites in the lowest size range
low angle peaks which were invariably accompanied by pronounced closely
the tails of the pure diffraction maxima, and also the position of the 
background. It was found that it was only possible to use maxima from the 
computed profiles obtained from larger crystals, although even in these
for each,size was constant at 100/35 and also that the ratio
of the corresponding peak heights took the value 100/39.25 to within
provided insufficient resolution for any worthwhile
analysis, especially at high angles. The same profiles unfortunately gave
situated shape interference fringes. . . These obscured the true shape of
cases, not every reflection was really suitable.
The shape of the 111 line for a nickel crystal 10C)2 across,
30x30x30 unit cells, (see Figure 4.9), was found to conform very closely 
to the Cauchy distribution over the main part of the reflection whilst 
the tails exhibited a falling-away which, although somewhat more rapid 
than would be consistent with the same distribution, was far less steep 
than that indicated by a Gaussian distribution. The behaviour of the 
profile in the tails of the maxima was intermediate between the two 
distributions mentioned above but was closer to the former. This could 
probably be explained by the presence of some distortion to the shape 
by the presence of somewhat suppressed or not easily distinguishable 
crystal shape transforms and the fact that only one crystal size, and 
not a crystal size distribution, was considered. The crystal shape 
transform fringes associated with the 200 reflection are easily seen 
in Figure 4.9, and it would seem unlikely that the 111 reflection would 
have no associated fringes. Similar analyses were also carried out on 
profiles from crystals of size 20x20x20 cells and it was found that 
the deviations from the Cauchy-type distribution became somewhat more 
pronounced.
4.5.2 Crystal defects
The changes in the computed diffraction profiles caused by the 
presence of crystal defects are additional to those resulting from variation 
in crystallite size and they are considered in this section. The defects 
included in this study are stacking faults*., twinning, surface contraction 
and expansion, random displacements.or ’frozen thermals’ and point defects.
4.5*2.1 Stacking Faults and Twinning:
4*5.2.1 (a) Layer Structures
The outstanding feature of Raney nickel polycrystalline X-ray 
diffraction patterns is the prominence of the 111 line. The pattern 
given by the more active catalysts, prepared by the digestion of a 50 wt-/o 
aluminium-nickel alloy with sodium hydroxide under appropriate conditions, 
consists virtually of the 111 reflection only. This suggests the 
possibility of a layered structure, the layers being parallel to the close 
packed {ill} planes. Such a structure will permit regularity in the 
spacing perpendicular to the layers with the possibility of disorder 
occurring within the planes, although it is unlikely to occur in f.c.c. 
materials.
Accordingly, a different geometry was introduced for the calculation
of the numbers of inter-atomic vectors (n ) and the vector lengths (r ).
PQ. PQ.
It was based on the stacking of nets. This geometry permits a more 
convenient computation of the diffraction profiles for platy crystals, and 
for crystals having stacking faults or twinning, although the presence 
of the latter type of fault in nickel is extremely unlikely.
Figure 4.13 shows the profile computed for a single net approximately 
75 x 100 2. The arrangement of the atoms conforms to the close-packing 
in the { 111 } . planes. The curve shows two notable features. The 
diffraction maxima are four in number and coincide in position with the 
111, 220, 311 and 351 reflections of the polycrystalline nickel pattern.
The second feature is the shape of each of these maxima. As expected 
for a crystal of this size, they are well-resolved. On the low angle 
side, each maximum shows an extremely steep rise to the peak from the 
’background', the rise being nearly vertical. Although the fall from the
Its)
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Fig. 4.13 Normalized intensity profile for a single net of nickel 
atoms having the usual nickel 111 plane arrangement.
Net size approximately 75 x lOoX.
peak on the high angle side is initially steep, it becomes increasingly 
less so and shows a continuing reduction in slope until the foot of the 
succeeding maximum is reached.
Both the number of the maxima, their positions and shape can be 
explained in terms of reciprocal lattice. The peak height of the first 
maximum, analogous to the 111 reflection, is, as expected, the largest 
in the pattern. In practice, one may expect to observe such a pattern 
from a polycrystalline sample used in LEED, by which method only the 
surface layer contributes to the pattern.
The computed profile for platy crystallites, four layers thick, is 
illustrated in Figure 4.14. The four layers are stacked in the usual
ABCA  sequence that characterises the face-centred cubic structure.
The other dimensions of the crystallites were approximately 30 x 30 2. 
Comparison between Figures 4.13 and 4.14 shows that, despite the reduced 
lateral dimensions, the thickness increase modifies the pattern so that 
indications of the usual 200, 222, 400 and 420 maxima, missing from 
Figure 4.13, are to be seen in Figure 4.14.
4.5.2.1 (b) Stacking Faults
Stacking faults are a common defect in FCC structures and have 
been observed as feature's using electron micrographs.
The computed profiles for equi-axed crystals, approximately 50 2 
across, are drawn in Figure 4.15 for crystals with varying amounts of 
faulting. The three curves, normalized to the same maximum intensity, 
were drawn in detail over the range 0 = 18 to 9 = 30°, the region normally 
occupied by the 111 and 200 nickel reflections.
Curve (i) is the profile for crystals with no defects, whilst 
curve (ii) was computed for crystallites having one stacking fault running
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Fig. 4.14 Normalized intensity profile for four nickel layers 
stacked ABCA. Layer size 30 x 30A approximately.
Us)
Mil}
\y
20
STACKING FAULTS
Fig. 4.15 Normalized intensity profiles for nickel crystals 50& 
across. Curves (i), (ii) and (iii) refer to crystals 
having no defects, 1 and 4 stacking faults respectively. 
Curves show relative movements of 111 and 200 peaks with 
presence of stacking faults.
across the middle of each crystal* Curve (iii) is the profile obtained 
when such crystals have four equi-spaced stacking faults.
The presence of the stacking faults causes the 111 and 200 
peaks to move towards each other, the 111 peak moving towards higher 
angles and the 200 peak towards lower angles. The respective displacements 
increased with the number of stacking faults present in the crystals. The 
shapes of the peaks, together with their breadth were also a function 
of the stacking fault concentration, which also controlled changes in 
the background1. The resolution was reduced with increase in the stacking 
fault concentration, at higher values of which other small peaks also 
appeared. Similar sets of curves were also computed for crystallites of 
10, 20 and 30 2 sizes respectively.
The directions of the displacements are in agreement with those 
(23)predicted by Paterson . The peak shifts for the four crystallite 
sizes are shorn in Table 4.3.
TABLE 4.3 Stacking Faults
Crystallite
Size (2)
Peak shift (degrees)
111 reflection 200 reflection
-(ii) (iii) (ii) (iii)
* *
10 0.75 0.75 — —
20 0.25 0.45 0.7 i a
30 0.2 0.4 0.4 0.9
50 0.1 0.35 0.25 . 0.7
Note: (a) Columns (ii) and (iii) refer to curves similar to curves
(ii) and (iii) of Figure 4.15.
(b) No values are shown in the spaces with an asterisk since
the peaks were irresolvable.
The increase in peak shift with decrease in crystallite size may 
he explained in terms of an increase in the value of the stacking fault 
probability ( a ) as the same fault pattern was maintained for each crystal 
size.
Comparison was also made between profiles, over the whole range 
of ©, for crystallites 50 2 in size, both with and without stacking faults.
It was found that broadening occurred in the maxima produced by the faulted 
crystals and that the broadening asymmetry of each peak was in the sense 
predicted by Paterson.
Figure 4.16 shows the computed profiles for the extreme case of
layer faulting such that a ABABAB ....  structure results. The curves
(i) to (iv) were computed for crystallites of dimensions 10, 20, 30 
and 50 2 respectively, over the range 9 = 18 to 9 = 30°. The curves 
show that a different diffraction pattern arises, and that it is character­
istic of the hexagonal close-packed structure. Comparison of the full 
patterns from crystals having this structure and the f.c.c. structure 
shows position coincidence of some of the maxima and that the lower symmetry 
of the hexagonal structure causes more lines. This is confirmed by curves 
(i) of Figure 4.15 and curve (iv) of Figure 4.16. The two peaks of the 
first figure are replaced by thre'e in the second, whilst maxima occur at 
the same position on the two curves only at 9 = 22.25°, viz. at the position 
of the nickel 111 reflection.
4.5.2.1 (c) Twinning ~
Although twinning is extremely unlikely for nickel, when of normal 
crystal size, it may be more of a possibility during certain growth processes 
associated with the production of extremely small crystallites. This 
eventuality was considered with Figure 4.17 showing the profiles computed
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Fig. 4.16 Normalized intensity profiles for nickel atom layers
arranged in ABAB sequence. Curves (i) to (iv) refer to 
increasing crystallite sizes.
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Fig. 4.17 Normalized intensity profiles for nickel crystals
50& across. Curves (i), (ii) and (iii) show changes in 
profiles with increasing numbers of twins.
over the same range and for crystals of the same size as in Figure 4.15. 
Curves (i), (ii) and (iii) refer to crystals having a single twin, several 
regularly and several irregularly spaced twins respectively. When compared 
with curve (i) of Figure 4.15, it is seen that there is no change in 
position of the 111 peaks, nor in the 200 peak when only a single twin 
is present. A single twin does, however, result in some broadening, whist 
multiple txrinning causes the 200 peak to shift and split. These effects 
were also observed in the profiles from smaller crystals. The general 
features of little peak shift and general broadening were found to occur 
throughout the whole range of 0 for all these crystal sizes.
4.5.2.2 Expansion and Contraction of Surface Lavers
On a number of occasions, line shifts have been reported from 
measurements on the powder lines from ionic microcrystals. The resulting 
lattice parameter changes have been found to/va function of the crystallite 
size but the occurrence of a lattice contraction or a lattice dilation 
has been observed to depend upon the environment of the crystals, chemisorbed 
gases or vapours, particularly water vapour, causing lattice relaxation
*■ (202)However, using powder diffractometry, Vook, Onyang and Otooni 
accurately determined the lattice* parameters for deposited thin films and 
found an outward relaxation of about 5 A number of LEED studies on 
surface Debye-Waller factors have shown large increases in the root mean
square displacements of surface atoms in a direction normal to a number
of metal surfaces. These results have been interpreted as a mean outward 
displacement of surface atoms .
Figure 4.18 shows the computed curves for a very small crystallite 
size (7.5 2). Curves (i), (ii) and (iii) are the normalized diffraction 
profiles when the surface layers of crystals of such a size are undistorted,
b y  5 %
(Hi) S u r f a c e  la y e r
c o n tra c te d  by 5 %
Fig. A.18 Normal intensity profiles for nickel crystals 7& across.
Curve (i) refers to undistorted crystals. Curves (ii) 
and (iii) refer to crystals in which surface layers 
expanded and contracted by 5% respectively.
expanded by and contracted by, 5c/° respectively. Since, from Figure 4*11 
it is seen that, for crystals of such a size, a very large proportion of 
the atoms lie on the surface, and the surface expansion or contraction 
consequently affects a high proportion of the bonds, it is not surprising 
that the curves behave in the way they do. The largest changes occur at 
large values of 9, as expected, •
Curves computed for larger crystals showed smaller changes so that 
for crystals of about 40 2, the changes became negligibly small.
4.5.2.5 “Frozen Thermals”
Figure 4.19  shows the computed curves for nickel crystals in which 
the atoms have a disordered arrangement. The displacements have an average 
value of lCffi of the shortest bond length from the mean or lattice positions 
and conform to a Gaussian distribution. The figure shows curves both for 
the undistorted and distorted structures in respect of three crystal sizes 
viz. 3 .5 , 7 .0  and 35 2. The range covered by the curves is 0 = 10 to 
e = 30°.
All three sets of curves indicate that the maxima are reduced in 
intensity with a re-distribution of energy into the background. Since 
there is no change in peak position, this behaviour is in accordance with 
the theory of thermal vibrations.
4.5.2.4 Point Defects
The presence of point defects in crystals has long been recognised, 
together with the importance of their role in diffusion processes, in 
electrical and other properties of many materials. The particular point 
defect considered in this section is the vacancy.
Figure 4.20 shows the computed curves for a crystal consisting of 
a single unit cell (see Figures 4.1 to 4.3). Curve (i) is of the same
T T“
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tig.-4.19 Normalized intensity profiles for nickel crystals both with
and without thermal vibrations. Full lines refer to 
undistorted structures. Pairs of curves (i), (ii) and (iii) 
refer to crystallite sizes 3.5, 7.0 and 35$ respectively.
shape as Figure 4.3. Curves (ii) and (iii) are those obtained with 
the presence of a single vacancy in the crystal, the difference in the 
curves resulting from the siting of the vacancy. The position of the 
vacancy determines the distribution of the number of vectors (np^) 
be associated with the vector length, rpq* ^or curves (ii) and (iii), 
the single vacancy was sited at a corner and at a face-centering site 
respectively, the only positions possible for a crystallite of this 
size.
Curves (iv) and (v) were drawn for comparison. They represent 
the other extreme cases, which are two and one atom aggregates only.
These are equivalent to twelve and thirteen vacancies in the unit cell.
\fhen compared with curve (i), all the others show considerable intensity 
re-distribution.
4.5.2.5 Paracrystalline Structures
For many years, more than one type of distortion has been recognised
in molecular packing in solids. For an ideally crystalline solid, the
regular atomic arrangement in any planar section through the solid can be
described by two translational vectors, a  and b say. The presence of
distortions of any kind means that the vectors a and b are no longer constant
*
over the whole cross-section but the system is retained statistically.
Two possible types of distortion are distortions of the first and second 
kinds. Distortions of the first kind, are characterised by molecular dis­
placements from the ideal lattice positions defined by a and 1), the 
probability of displacement decreasing with increase in displacement.
Thus, although each molecule may not actually be at a lattice point, an 
average long-range order is preserved. Molecular thermal motion, discussed 
in Section 4.5*2.3., is an example of this kind of distortion.
Distortions of the second kind are of a different nature. In
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Fig. 4.20 Normalized intensity profiles for nickel unit cell (14 atoms) 
with vacancies. Curve (i) - undistorted, curves (ii) and 
(iii), 1 vacancy, (iv~) and (v) two and one atoms (or 12 
and 13 vacancies) respectively. Curves (ii) and (iii) 
obtained by changing position of vacancy.
this case, statistical mean translations a and b may be postulated.
They merely give the probable relative position of adjacent molecules 
and do not extend to the description of the entire volume of the solid, 
only short range order being retained. The theory of distortions of the 
second kind in relation to X-ray scattering by liquids was founded by
(54) (204)
Zernike and Prins , further developments being provided by Hermans ,
( POR ^
Guinier and Hosemann et al . Hosemann introduced the idea of
paracrystalline structures. Distortions of the second kind, although 
characteristic of liquids, are often found in chain molecule assemblies, 
many polymers showing both types of distortion simultaneously.
In a fashion similar to distortions of the first kind, the presence 
of paracrystalline distortions affects the computation of the Debye 
interference function by requiring the substitution of straightforward 
inter-atomic separations by distributions of such separations. Since 
in the paracrystalline model, only short range order is maintained, 
displacements from idealized lattice positions are obtained, when con­
sidering large interatomic separations, as the cumulative effect of the . 
many possible nearest neighbour displacements. Consequently, they possess 
a distribution function which results from multiple convolutions of the 
distribution function for any pair of nearest neighbours.
Figures 4.21 and 4.22 show the normalised and corrected intensity 
profiles computed for nickel crystals 17.5 2 across and having paracrystalline 
distortions of 2, 5 and IQffo respectively. The distribution functions for 
displacements about nearest neighbour positions were assumed Gaussian.
In view of the limitations provided by computer store, only a simple 
approximation to a Gaussian distribution was adopted in view of the large 
number of convolutions required for the larger inter-atomic separations.
The three curves of Figure 4.22 show that as the distortions are increased,
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21 Computed normalized intensity curves for nickel crystals,
17.5 £ across with paracrystalline distortions of 2, 5 and 10%,
Fig. 4.22 Computed intensity curves (I) for nickel crystals,
17.5 & across with paracrystalline distortions of 
2, 5 and 10%.
the profiles show less resolution, particularly at higher angles, over 
which region the intensity maxima merge and become only broad haloes.
At the same time, the low angle intensity maxima broaden and have reduced 
peak heights. The reduction in intensity at the usual positions of the 
maxima is accompanied by a general increase in background. The lack of 
resolution shown in these curves may be seen by comparison with curve 
(ii) of Figure 4.5, in which the 200, 220 and 311 reflections are clearly 
resolvable. The comparison shows that, if the solid possess paracrystalline 
distortions, the low angle reflections are accentuated relative to the 
high angle reflection with an increase in background. This change in 
resolution is in marked contrast to the profiles given by crystals with 
’frozen thermals' which causes a regular angle-dependent reduction in the 
heights of the interference maxima with a corresponding increase in the 
diffuse background.
4.6 Discussion
The computed curves described above demonstrate that large changes 
can be produced in diffraction profiles from polycrystalline specimens 
when using the Debye interference function by considering the variation 
of crystallite size and by the introduction of different kinds of defect 
into the crystals. The changes brought about are consistent with those 
predicted theoretically both as regards crystallite size and various 
defect structures by treatments of line broadening and peak shifts proposed 
by workers such as Scherrer von Lane and Paterson
When considering the profiles produced by the smallest crystallites 
in the range <40 2, two points are- worthy of comment. Firstly, when 
attempting to interpret the diffraction patterns, the association of a 
particular diffraction maximum with a set of hkl planes appears to be
meaningless, since the concept of such planes in crystallites at the lowest 
end of the size range is an artefact and the diffraction maxima are too 
broad and diffuse. Secondly, the use of an experimentally obtained profile 
without suitable corrections is of doubtful value since the uncorrected 
version is insensitive to many of the changes in the normalized intensity 
(1(e)) described above because of the effects of the Lorentz-polarisation 
and atomic scattering factors.
In any practical case, there is the problem of relating the 
experimentally observed profiles and the computed curves. Ideally, 
direct comparison may be made by reducing the observed intensity to the 
scattered intensity per atom l(s) at every point recorded along the profile, 
and then adopting a criterion of fit, such as the R-factor adopted in 
crystal structure analysis. The R-factor can be expressed as a single 
number to describe the fit over the entire profile or as a series of 
point-to-point factors. This obviously requires that the data for the 
observed profiles is collected under the optimum experimental conditions.
If it can be collected over the whole profile under optimum 
experimental conditions, an alternative indication of the structure of 
a material may be provided by considering the radial inter-atomic distance 
distribution function, which may be expressed as
G-(r) = . 4irr(p-p ) = —o ir
2 r F(k) Sin (kr)dk (3)
where
F(k) = k i - l
f2
is the reduced intensity function
p = number of atoms in a unit volume at 
a distance r from the origin
p = average number of atoms per unit volumeo
k = 2 it s where s = 2Sin9/ X
f a= atomic scattering factor
This expression (see*Appendix b ) gives the density of neighbours,
(
at a distance r and has been discussed by Patterson and Y/arren
et al
.Although to meet the requirements of Equation 3, it is necessary 
to integrate the product P(k)sin(kr) over all Reciprocal Space, the 
principles underlying the determination of the reduced radial electron 
distribution function may be illustrated by considering the contributions 
of the diffracted intensities at a few selected radial distances in 
reciprocal space from the origin. Ignoring the background, the first 
seven reflections for nickel were chosen since these just lie within 
the experimental range quoted above. The relative intensities used were 
those recorded in the ASTM powder diffraction data file.
Curve (i) of Figure 4.23 shows these relative intensities whilst 
curve (ii) illustrates the reduced intensity function k [ i/f - 1]
for each reflection. The reduced intensity function, measured in electron 
units, can take both positive and, negative values. Curves (iii), (iv) 
and (v) of the same figure show the periodic function PX[= 8ksin (2iTsr) 
cos 0/A ] plotted against r for each of the seven reflections out 
to a distance of 8 2 from the origin.. The period of the curve for each 
hkl. reflection depends upon the value of the product k.r(=2irsr) in 
which k increases with 9 so causing a smaller periodic repeat distance 
parallel to r for the reflections at the larger Bragg angles. The 
summation of the seven curves at every point, r, is shown in graph (vi). 
Since the Or axis represents the average radial atomic density throughout 
all real space, locations at which the atomic density is greater than or
100
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Fig. 4.23 Composition of radial electron density distribution function 
from seven reflections of nickel. (i) - relative intensities 
of the seven reflections. (ii) ~ reduced intensity functions 
for the seven reflections. (iii), (iv) and (v) - periodic 
function PX = 8 k Sin(lcs) Cos0/X where k = 2tts for 111, 200, 
220 reflections 311, 222 reflections and 400, 331 reflections 
respectively. Curve (vi) shows the summations of the seven 
curves at every point.
less than the average are indicated by those points along the r-axis at 
which the curve is above or below the axis respectively. Hence, graph 
(vi) represents, on the evidence of these seven Bragg reflections only, 
the variation of the atomic density relative to the average.
Curves (i) and (ii) of Figure 4.24 show the reduced radial distri­
bution functions for the cases of the linear arrangements of (a) two 
atoms and (b) four atoms respectively. The curves were determined from 
the profiles for such atomic arrangements computed using the Debye 
equation (see Section 4.4.) over the angular range 0 = 0 to 90° for 
copper X-radiation and for an atomic separation of 2.49 2 the distance 
of closest approach for nickel. ' Curve (i) shows a single large positive 
peak at r = 2.5 2 and curve (ii) three large positive peaks at r = 2.5,
5.0 and 7.5i? respectively, which distances correspond to the atomic 
separations of a linear assembly of four atoms.
The three curves in Figure 4.25 are the reduced radial electron 
distribution functions for nickel crystallites comprising l x l x l  
and 10 x 10 x 10 unit cells respectively. These were computed using 
the normalized intensities, l(s), as shown in Figure 4.4. Curve (i) 
shows five distinct positive maxima occurring at r =  2.5, 3.5, 5.1 and
6.0 2 which correspond to the five bond lengths shown in Figures 4.1 and 
4.2. Beyond these five maxima, the curve makes very small oscillations 
about the Or axis. Curves (ii) and (iii) plotted out to r = 24 2, shows
a considerable number of strong positive maxima having positions corresponding 
to the lengths of vectors which are the more abundant in the crystal. Curves 
(ii) and (iii) were computed by the summation of intensities in the ranges 
© s= 0 to 9 = 90° and © = 3 to 0 = 7.3° respectively, the latter range 
being the one encountered in practice as a result of the mechanical 
constraints inherent in diffractometer design.
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Fig. 4.24 Radial electron density distribution functions for
linear arrangements of (a) two nickel atoms and (b) four 
nickel atoms.
t<J tMlMt
SO
0
i
**DF
10
0
\ t" -
Fig. 4.25 Radial electron density distribution functions for (i) 
one unit cell of nickel (ii) and (iii) nickel crystals 
35A in diameter. Curves (ii) and (iii) show the effect of 
truncation of data.
To find the effect of crystallite size on the radial electron 
distribution, calculations were made for crystals in the size range 5.5 
to 100 2. These were carried out as described in the previous paragraph. 
The first set of computations were made for the values of l(s) obtained 
at each degree interval between 0 = 0 °  and © = 90°. As the crystal size 
was increased so the radial electron distribution showed features which 
make the bond distribution increasingly indeterminate. These are illus­
trated in Figure 4.26 (a). This figure does not show the complete radial 
electron distribution but includes the points representing the maximum 
values of the interference fringes occurring at positions of favoured 
inter-atomic vector lengths (which are above the Or axis) or at radial 
distances corresponding to electron densities of values less than the 
average (which are below the Or axis). Figure 4.26 (a) refers to crystals 
57 2 across and the function has been plotted over range r = 0 -»■ 100 2.
Some unrealistic features were noticeable in the set of radial 
electron distribution functions. Firstly, it was found that with increase 
in crystallite size above 20 2, there was little increase in the envelope 
separation at any point along the r-axis. Secondly the vertical distance 
between the envelopes to the regions occupied by the points remains nearly 
constant across the graph.
Coarse sampling of the prdfiles leads to a partial consideration 
of the large contributions of the various hkl reflections in the deter­
mination of the radial electron density distribution function. This 
effect was investigated by re-calculating the function when using more 
detailed sampling confined . to within the angular ranges immediately 
covering the usual hkl reflections.
Figures 4.26 (b), 4.26 (c) and 4.26 (d) show only the envelopes 
and not the points, as plotted in.Figure 4.26 (a), for crystals comprising
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Fig. 4.26 (i) Effects of crystal size on electron density distribution 
(see Fig . 4.26 function. (a) Maxima and minima of interference function
(ii) plotted as dots. (b), (c) and (d) envelopes of interference
functions plotted for crystals 17, 35 and lOoS across.
Later computed from intensities around usual reflections.
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Fig. 4.26 (ii) Effects of crystal size on electron density distribution 
(see Fig, 4,26 function, (a) Maxima and minima of interference function
(i)) • plotted as dots. (b), (c) and (d) envelopes of interference
functions plotted for crystals 17, 35 and 100A across.
Later computed from intensities around usual reflections.
5 x 5 x 5 ,  10 x 10 x 10 and 30 x 30 x 30 unit cells respectively. Each 
curve shows that there is a variation in the distribution of bonds occurring 
in the crystal with a general reduction in deviations from the average 
electron density with increase in r. Comparison of the curves indicates 
that, at comparable r-values, the modulus of the differences of the electron 
density from the average increases with increasing crystallite size. It 
may also be seen that if the initially sloping parts of the envelopes are 
extrapolated, the intercepts on the r-axis have r-values which are in 
close agreement with the largest bonds in the crystals. The spot distri­
butions are symmetrical across the Or axis and no 1 waviness1 is to be
observed. The curves computed for the smallest crystals comprising one
\
unit cell and 2 x 2 x 2  unit cells, because of the very broad diffraction 
maxima and higher backgrounds, exhibited radial electron distributions 
which were inferior to those resulting from the more general, if coarser, 
sampling of' the values of l(s).
It may also be concluded that the contribution of the background 
intensities to the radial electron distribution summations is relatively 
unimportant for crystals larger than 50 2 but its inclusion is vital when 
considering crystals with dimensions less than 20-30 2. The effects of 
crystal size on the reconstitution of the 'image1 (actually radial Patterson 
functions) of the diffracting assembly, described above, also show that the 
commonly used methods, based on analysis of the intensities close to the 
peak positions (integral breadth, Warren-Averbacfr, etc.), are unsuitable 
for the very smallest crystal sizes because they omit a substantial proportion 
of the experimental diffraction data available. In the case of the very 
smallest crystals, methods involving the whole diffraction profile must be 
used.
To test the ideas and computational results described above and in
earlier sections, it was decided to investigate the structure of Raney 
nickel, one of the skeletal metals prepared from binary alloys of a cata­
lytic metal and a second metal which can readily be leached from the alloy 
with a suitable reagent. Despite the ease with which this catalyst can 
be prepared and the attention it has received, descriptions of the structures 
of the most reactive Raney nickel catalysts do not appear satisfactory.
This is because of the difficulties both in making suitable samples for 
examination, particularly for electron microscopy, and in the interpretation 
of the abnormal X-ray diffraction patterns.
4.7 Raney Nickel .
4.7.1 Introduction
Because of their important role in many chemical and biological
reactions and their application in a variety of technological processes,
many of which are used in large tonnage production, catalysts have been
subjected to considerable and continuous attention for many years.
Catalytic materials vary in their complexity and include elemental metals,
such as platinum and nickel, oxides such as alumina and cobalt oxide,
*
and the large molecular enzymes.
The catalytic activity of a solid catalyst depends upon its 
physical and chemical structures which involve such properties as 
chemical composition, crystal structure and texture. This has been 
shown by the influence on catalytic activity of such factors as methods 
of preparation, ageing (or the time lapse between preparation and use), 
the medium in which stored, the presence of surface contamination, 
impurity content, particle size, pore size, surface roughness, crystal- 
lographic orientations of exposed surfaces, specific surface area, etc.
It has, however, been proposed 2^10  ^ that the activity is localized 
at various sites on the solid surface and it is believed that these active 
sites are situated around lattice imperfections. The concentration and 
variety of lattice imperfection is governed by the physical and chemical 
structures of the catalyst surface, including its preparative history.
Many experiments have been carried out showing that the catalytic activity 
of crystalline solids has been enhanced by increasing the defect concen­
tration at or near the solid surfaces. It has been reported that
nickel which has smooth surfaces obtained either by electropolishing or 
by smooth turning, possesses negligible catalytic activity, but when it is 
in the form of heavily abraded turnings, the metal acquires activity.
Increase in catalytic activity has also been reported for metals which 
have been heavily cold-worked whether in the form of wires (2^ ^
foil (215)^ Qr latter also being quenched (^16) (217)
(
or subjected to ion bombardment . In every case, the enhanced
activity, when compared to the undeformed material, was attributed to 
the existence of crystallite disorientation, vacancy clusters, dislocation 
loops or stacking faults near the surfaces. Annealing is invariably 
accompanied by loss of activity which is attributed to recovery and 
recrystallization which accompanies the reduction of the concentrations 
and re-arrangement of the thermally activated crystal imperfections. It
(219)
has also been observed that increase of crystallite size is accompanied
by decrease of activity, the specific activity appearing to be-an inverse 
function of the specific area and so indicating that the number of active 
sites per unit area decreases with increase in crystallite size. This is 
consistent with the observation that crystallite boundaries are more active 
than plane crystal surfaces.
Lattice defects, in the form-of dislocations, vacancies and stacking
faults, may not be the only surface factors to be considered. The 
surface condition may also play a considerable part. Mechanical working 
appears to have little effect when applied to specimens having ultra clean
(220)surfaces prepared in high vacua , In such cases there are no surface
barriers in the form of thin oxide films, etc., to trap dislocations and 
cause large defect concentrations. These represent some of the factors 
contributing to the important surface energy.
Whilst it may be difficult to propose a fully comprehensive' 
mechanism to account for all the factors, whether or not it includes 
reactions between chemi-absorbed layers of atoms or radicals, there are 
many examples in which surface heterogeneities are known to markedly 
affect the catalytic activity and so it is important that examinations 
of the microstructure of catalytic materials are made. Since these are 
often in powder form and highly reactive, comprehensive examinations are 
not easily carried out.
Most structural observations carried out on technically useful 
powder catalysts have largely been confined to the determination of 
particle and crystallite sizes. The principal methods used are gas adsorp­
tion, small angle x-ray scattering^ electron microscopy and X-ray diffrac­
tion line broadening. Electron microscopy has been used to observe
dislocation networks and stacking fault arrangements in thin metal films
(22l) (222)and electron diffraction and LEED v ' studies have indicated that
the ( l io )  surfaces of nickel are the more active with a stacking re­
arrangement of the ( l io )  surface atoms to accommodate the absorbed 
hydrogen.
Under suitable conditions, the analysis of powder X-ray diffraction 
line broadening can be used to obtain values of crystallite size, macro­
strain, microstrain, stacking fault and twin fault probabilities, together
with crystal size distributions, much of this information simultaneously. 
However, when the crystallite sizes are considerably smaller than 100 2, 
the reflections become very broadened and overlapping of adjacent reflec­
tions prevents the use of the more sophisticated methods of analysis. 
Catalysts show a wide range of crystallite size, the low activity catalysts 
having relatively large crystallite sizes and vice versa. Fourier methods 
have been used on annealed nickel catalysts low activity iron cata-
lysts , and platinum blacks In all cases, the microstrain
was found to decrease inversely with crystallite size and that the cata­
lysts having the higher defect concentrations were also those having the 
higher catalytic activities.
Much of the X-ray diffraction work on technically useful catalysts, 
such as supported metal catalysts, has been restricted to crystallite 
size determinations, since these catalysts often have crystallite sizes 
of about 20 2. In most cases of this kind, the application of the 
Scherrer formula has proved sufficient. For sizes intermediate between 
20 2 and 100 2, however, the integral breadth method has been used 
with limited success when making correlations between changes in chemical 
properties and changes in defect structure of Raney nickel.
The investigation of the microstructure of the more active catalysts 
can only be carried out, in the main, using X-ray diffraction. Preferably, , 
methods of profile analysis different from those described above are 
required and one possible method is the comparison between experimental 
and computed profiles based on the Debye interference function. It was 
decided to use Raney nickel as it gives a fairly simple profile so that 
it should be relatively easy to make comparison between the two kinds of 
profile. Raney nickel has the added advantage that it is relatively easy 
to prepare whilst it has been among the most used of nickel catalysts 
being employed over a wide range of reactions.
4.7*2 Experimental Methods and Results
Raney nickel is prepared by digesting nickel aluminium alloys in
aqueous sodium hydroxide. All or part of the aluminium dissolves
leaving the nickel behind as a black flocculent precipitate. Various
methods of preparation produce Raney nickel catalysts of different
( opr ^
activities and these have been classified by Adkins and Krsek whilst
(  P P f i )
Augustine has summarised the methods of preparation and the relative
activities of the catalysts. Two Raney nickels were prepared, one
(227)following the procedure of Adkins and Billicav ' and the other following
( PPR^
the procedure of Covert and Adkins 1. The first was a very active
and the second a less active catalyst designated ¥5 and W1 respectively.
X-ray diffraction photographs and diffractometer profiles were
obtained from samples of each catalyst in addition to samples of well
annealed and ball-milled nickel powders. The diffraction patterns from
the Raney nickels were obtained as soon after preparation as possible
to prevent ageing, i.e. within a few days. To prevent the oxidation of
the pyrophoric catalysts, air was excluded by storage under ethanol. The
catalyst samples used for X-ray powder photography were held under ethanol
»
in sealed capillary tubes and the samples used for diffractometry were 
placed in the specimen holders under oil. The diffractometer profiles 
were recorded on a Siemens Kristalloflex 4 powder diffractometer using 
quartz crystal monochromatized copper Ka radiation. The profiles were 
recorded over the range 9 = 3° to 9 = 73° (© = Bragg angle) by step
counting at intervals of l/8° in 9 and a more detailed recording of the 
profile at steps of 0.05°in 9 was carried out over the usual nickel peak 
positions.
Both catalysts gave diffraction photographs which showed broadened
lines (Figure 4.27). The pattern of the less active catalyst, ¥1, was 
predominantly that of nickel, a few very faint lines from the original 
alloy pattern being just visible. The pattern of the more active catalyst,
¥5, was dominated by one very strong broad line occurring at the usual 
nickel 111 position. All the other lines were faint, broad and conforming 
in positions to those of both nickel and the parent alloy. The most 
noticeable feature common to both catalyst patterns was the very strong 
line occurring around the nickel 111 position. All the other lines were 
either so weak or so broad that a visual estimation of the relative pro­
portion of the original alloy still present in the catalyst was impossible. 
From the photographs it was concluded that, after the preparation of the 
catalyst, ¥1, which gave the sharper lines, very little (probably less 
than 1-2$) of the original two-phase parent alloy (50$A£ 5Q$Ni by weight) 
remained whilst the ¥5 catalyst retained slightly more alloy as a result 
of the shorter digestion time and lower preparation temperature.
The diffractometer profiles confirmed the impression, obtained 
from the photographs, that the intensities of the 111 and 200 reflections 
for both the ¥1 and ¥5 catalysts were not in the same ratio as that obtained 
from the corresponding reflections'from both the annealed and milled 
nickel powders. The discrepancy cannot be ascribed to the overlapping 
of the Raney nickel and alloy lines at the nickel 111 reflection position 
since the proportion of alloy present in both cases was far too small.
The relative intensities of the alloy lines appeared to agree with those 
of the parent alloy. Although the lines were very broad, estimates of 
the relative integrated intensities were made and, together with those 
from annealed nickel powder, are shown in Table 4.4.
Fig. 4.27 X-ray powder diffraction photographs 
of Raney nickels.
(a
) 
An
ne
al
ed
 
ni
ck
el
 p
o
w
d
e
r
(b
) 
50
%/
50
% 
at
. 
wt
. 
Al
-N
i 
a
l
l
o
y
(c
) 
W1
 
Ra
ne
y 
n
i
c
k
e
l
(d
) 
W5
 
Ra
ne
y 
n
i
c
k
e
l
Table 4.4 Relative Intensities of Reflections
for Catalysts and Annealed Nickel
hkl
Annealed
nickel
Raney nickel 
¥5
Raney nickel 
VI
111 100 100 100
200 42 22 25
220 21 6 13
311 20 3* ' 9
222 7 1 4
400 4 - -
331 14 2 2
Table 4.4 shows that the intensities of the reflections from the 
two Raney nickel alloys show anomalous behaviour when compared to those 
from the annealed nickel powder. In both cases, the catalyst line 
intensities decrease with increasing hkl more rapidly than do the nickel 
powder line intensities and both dhow the same general trends. This 
shows that the general structure of the catalysts is the same in the two 
cases. This anomalous intensity distribution among the various reflections 
cannot be explained by preferred orientation since the 222 reflection 
is so weak.
Since the observed relative intensities were found not to agree 
with those of annealed nickel, the usual well-tried line broadening 
analyses involving either Fourier,'variance or integral breadth methods 
were considered inappropriate. In addition, since the lines were very 
broad with considerable overlap and the unit cell parameter of nickel
is small, it was impossible from Hosemann and Wilkes' analysis 
to disentangle distortions of the first and second kinds as the method 
requires at least three multiple orders. It was, therefore, decided to 
compute scattering profiles for nickel and compare them with the observed 
X-ray diffraction data.
The choice of models to be used in the computation followed from 
several features,of the X-ray diffraction profile. Although the 111 
reflection occurs strongly in the Raney nickel patterns, the 222 
reflection becomes relatively weaker. It was also noticed that neither 
of these two reflections were sharp relative to the remainder of the 
reflections, so that the possibility of a layer structure appeared to be 
eliminated. This type of structure would seem to be unlikely to occur 
in a material normally possessing a cubic close-packed structure. The 
occurrence of very broad reflections of which the high order members were 
relatively very weak, suggested that the solid possessed a paracrystalline 
structure and that the diffracting regions were of fairly small dimensions. 
The effect of both crystallite size and paracrystallinity on computed 
profiles and radial electron density distributions for nickel have been 
described in sections 4.5.2.5 and,4.6.
The radial electron density distribution function for the YJ5 Raney 
nickel was obtained using a modified form of the method described by 
Kaplow et al ^9^0 # measured intensities (i^) were corrected for
polarisation (P) and physical and geometrical effects (g ). and then 
converted to intensities expressed in electron units (i). The conversion 
was made by equating the areas under the curves for the corrected inten­
sities to the areas obtained by the addition of the published values of 
the atomic scattering factor for nickel together with the dispersion 
corrections. Hence, I can be obtained from the following equations:
I
m
GP(l + C) (4)
E I
(5)T m
E (f2 + C)
and I - C (6)
where f = atomic scattering factor
C =s Compton (incoherent) scattering 
N^ = Number of atoms in sample.
Because of the experimental constraints on the range of Bragg angle,
the foregoing method was adopted instead of the more usually reported
method. In the latter, the intensity profile is extended into reciprocal
space sufficiently far for the contribution of the coherently scattered
radiation to be considered negligibly small, at and beyond which point in
reciprocal space the intensity is taken as being wholly incoherent. Thus,
knowing the actual value of one component at some point along the profile,
/ o'zo'S
the others can be obtained. Ergun, Bayer and Van Buren have reported
a different method of obtaining i(s) which also takes into account the 
geometry of the diffractometer. The normalization factor relating the 
units of the measured intensities and the Thomson units for some inten­
sities are obtained from a straight line plot relating the coherent and 
incoherent contributions to the total intensity, the method bearing a 
close resemblance to that deciding the appropriate background in the 
variance method.
The variation of the intensity, I (electron units) with Bragg 
angle (©) is shorn for the three nickel powders in Figure 4.29. Generally, 
the profiles for both the annealed and ball-milled nickel show the general
features that would be expected for relatively large crystallites having 
dimensions greater than 100 2, and they are consistent with previous 
line-broadening studies. However, the variations in the relative peak 
intensities, when compared to those normally obtained, is probably caused 
by the combination of step size and counting statistics. The step size 
d °  in 2©) is a large fraction of the line width for a well-annealed 
powder whilst the number of steps at the high count rates are too few 
to minimize the effects of possible large random fluctuations in count 
accumulation.
There is also a general increase in the background with ©. This 
may be caused by both incoherent radiation from the sample and fluorescence 
from the monochromating crystal., Although an attempt was made to correct 
for the former effect during the conversion of the intensity units from 
counts per second to electron units, the incoherent radiation appeared 
to be negligibly small compared with the coherent radiation.
Figures 4.28, 4.29, 4. 30 and 4.31 shew the intensity curves I f I, 
reduced intensity function and electron density distribution functions 
respectively. . The envelope to the radial electron density distribution 
function (Figure 4.3l) indicated crystallite size of about 20 2. Thus, 
normalized intensiiy (l(s)) and profiles of intensities corrected for 
the Lorentz-polarisation factors were computed for nickel crystallites 
of this size. The curves are shown in Figures 4.21 and 4.22 and were 
computed for crystals having paracrystalline distortions of 2/o, 57° and 
ICf/o respectively. The corresponding radial electron density
distribution functions are shown in Figure 4.32.
4.7.3 Discussion
Upon comparison between the experimental curves for Raney nickel
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Fig. 4.29 Experimental intensity profiles, measured in electron 
units, from measured intensities of Figure 4.28.
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Fig. 4.31 Electron density distribution functions for annealed, 
ball-milled and.Raney nickels.
(Figures 4.28 to 4.31 inclusive) and those computed for nickel crystallites
having various defects such as layered or twinned structures, vacancies,
thermal vibrations . ( illustrated elsewhere), the closest similarity
was obtained for crystals with dimensions of about 20 2 and having
paracrystalline distortions in the region ifo to 2$, There is more
similarity between the respective sets of intensity curves (Figures 4.28,
4.29, 4.30, 4-^ 21 and 4.22) than between the corresponding radial electron
density distribution curves (Figures 4.31 and 4.32). The introduction
of the paracrystalline distortions is seen to broaden all reflections and
to reduce the relative intensities of the higher order reflections, even
the 220 and 311 reflections being scarcely recognisable, and redistributing
the scattered intensity to generally increase the background. The
discrepancies between the radial electron density distribution functions
can be attributed to a number of factors, the main ones being the model
adopted as a basis for computation and the restricted range in which the
intensity data was collected. The paracrystalline distortions were
taken as deviations about the average shortest distance, the deviations
following a Gaussian distribution without any regard to restriction on
actual distances of closest approach because of repulsive forces. ¥hilst
experimentally it was impossible to measure the fluorescent radiation
arising at the monochromating crystal, considerable difficulty was
experienced in assessing the incoherent X-radiation arising from the
specimen. This resulted from the restricted range over which the
intensity data was collected. The extent of reciprocal space.explored
was limited by the mechanical restraints on the diffractometer movement
which confined the angular scan range from 9 = 3° to 9 = 73° and also
the use of copper X-radiation. This limitation prevented the use of the
method of Kaplow et al in the calculation of the incoherently scattered
X-radiation and also the restriction on the range over which intensity 
data was collected truncated the range of summations involved in the
zFig. 4.32 Electron density distribution functions for nickel
crystals 17.5 & across with paracrystalline distortions 
of 2, 5 and 10%. see Figures 4.21 and 4.22.
calculation of the radial electron density distribution function*
These results may be compared with those of other workers.
( O'3)! ^
Robertson and Anderson found a mean crystal size lying in the range
35 to 55 2 for a variety of Raney nickels depending on the subsequent
treatment given to the catalyst obtained by adding alkali to a 50/50
alloy suspended in distilled water at 50°C. These workers felt that the
X-ray diffraction peaks were sufficiently well resolved for the classical
Scherrer relationship to be applied. During their investigations of the
(61)sponge-like texture of Raney nickel, Fouilloux et al also obtained
X-ray profiles having resolutions sufficient for the use of the 111,
200 and 220 reflections in integral breadth analysis. Average crystallite 
. sizes of 72, 52 and 52 2 respectively were found for the [111] , [200] 
and [220] directions. This represents an anisotropic variation of some 
40/0 between the [111] -direction and the other two directions, indicating 
elongation in a direction normal to the close-packing planes. The 
second derivative of the Fourier transform of the corrected profiles 
gave a size distribution from 25 2 to 150 2. Other tests showed the 
inclusion of hydrogen atoms, although at a concentration not exceeding 
0.4 cm^/gm.
Pearce and Lewis f however, have studied a wider range of Raney 
nickels and, again using integral breadth methods, have reported crystal­
lite sizes ranging from 80 2 down to 35 2, the size decrease corresponding 
with an increase in catalytic activity. The difficulties and possible 
errors involved in the use of this type of line broadening analysis are 
discussed. The crystallite sizes indicated for the more active catalyst 
used in this investigation lay near the lower end of the size range 
quoted above, and in view of the discussion above, they show reasonable 
agreement with those of Pearce and Lewis. These two authors also discuss
the defect structure of the nickel catalysts in terms of microstrains 
and stacking fault probabilities. With such broad lines, the detection 
of peak shifts would be difficult, especially with the changes in intensity- 
described above.
Values of the total surface energy and the stored elastic energy
were calculated for both the milled nickel powders and Raney nickel.
The specific surface energy (energy/unit mass) is given by E = ySs
where y is the surface energy and S is the specific surface area.
The calculation of the stored elastic energy was made using the formula 
which was proposed by Faulkner which applies to the cases
covered by isotropic elastic theory and can be written as
= 15Y < e2 >/2(3 - 3v + 8v2)
where Y is Young’s modulus of the material, v its Poisson’s ratio
and < e2 > the mean square strain. Using values of Y = 20.2 x 1 0 ^
-2 -2dynes, cm , v = 0.309 and y =; 1000 ergs, cm respectively for
nickel, the values of the two kinds of energy were found as shown in 
Table 4.5. ,
Table 4.5 Surface and Stored Elastic Energies 
for Milled and Raney Nickels
Sample D (2) . <e> (xlO5) E (xl0~8)*s E (xlO"8)* el
(a) Nickel powder - 
ball-milled 30 mins
600 2.35 1.1 0.33
(b) Nickel powder - 
ball-milled 6 hours
200 .3.2 3.4 0.69
(c) Raney nickel 20 50.0 34.0 25.0
Units ergs/gm
From Table 4*5, it can be seen that nickel behaves normally insofar 
as the values of the surface energies are about four times those of the 
respective stored elastic energies for the milled powders. This is in
(9)agreement with the findings of Bengtsson et al during their exam­
ination of milled cemented tungsten carbide powder. On the other hand, 
there is a large change in the relative values of the energies in the 
case of the Raney nickel. This marked change was caused by assuming 
such large values of paracrystalline strain when computing X-ray diffraction 
profiles to give reasonable agreement with the observed profiles. Hence 
doubt can be expressed as to the validity of these energy concepts in 
cases of poorly crystalline materials. Alternatively, the inference, 
contained in the paper of Bengtsson et al, that E - 3 E , may hold
S 6JL
only for powders in which lattice distortions result from cold-working.
From electron microscopy observations, Knappwost and Mader 
reported that Raney nickel exists as sponge-like macroparticles composed 
of nickel particles in a support amorphous in nature, whilst Fouilloux 
et al have confirmed the sponge-like nature and also reported pores with 
an average radius of 34 2 with smaller pore elements of radius 7 2 to 8 2. 
Such a structure is in good agreement with the general characteristics 
of the X-ray diffraction patterns described above, a structure in which 
the exposed surface area is maximized. This arrangement also provides 
the maximum access to the retained hydrogen and hence promotes high
I 0 7 0  }
reactivity. It is consistent with the studies of Kokes et al ,
who reported specific surface areas about 80 m /gm and suggested that
the retained hydrogen existed in the form of a substitutional solid 
solution.
4.7.4 Conclusions
YJhen interpreting the X-ray diffraction profiles arising from 
very active Raney nickels by comparing them with computed profiles, the 
paracrystalline structure provided the best model for computation. This 
model gave a diminution in the intensities of the higher order reflections' 
in a manner similar to that observed. The general increase in background 
intensity was. also predicted. Some small differences between the two 
profiles probably arose from the particular form of the atomic displace­
ment distribution adopted. The model giving the best fit was based on 
a paracrystalline structure with a l-2f£ atomic displacement and a crystallite 
size of about 20 2. Such a structure is in accordance with the spongy 
porous catalyst textures previously observed.
4.8 General Conclusions
If the sizes of the coherently diffracting domains are very small 
and,* if, as is usual, structural disorder is also present, the X-ray • 
diffraction profiles exhibit line broadening which is so great that the 
resulting resolution is insufficient to permit the use of the well estab­
lished analytical methods based on Fourier analysis (Warren and Averbach), 
variance (Wilson) or integral breadth (Aqua and Wagher). The work, 
described above, was carried out in an attempt to adapt the X-ray 
diffraction analytical methods, developed for the structural determinations 
of fluids and near-amorphous solids, to the cases of polycrystalline 
samples formed of very small crystallites. Basically the method consisted 
of the comparison of the polycrystalline profiles obtained experimentally 
with those obtained by computation'using the Debye interference function 
for a randomly oriented powder.
The following conclusions may be dram from the work reported
»
It may be seen that the calculations were correctly established 
since the profiles obtained for a number of compounds and elements 
showed maxima or reflections occuring at the correct Bragg angles 
for a given radiation and possessing the accepted relative inten­
sities.
The computed profiles were found to vary with change in crystal 
size in an orderly fashion, with increasing resolution accompanying 
increasing crystal size.
Integral breadths obtained from computed profiles gave crystallite 
sizes which were in very good agreement with those used as models 
for computation.
The shapes of the maxima occurring in the profiles for defect-free 
crystals could be satisfactorily ascertained only for larger 
crystallites because of the coincidence of shape transforms with 
the tails of the maxima. For the larger crystals, the shapes
I
conform fairly closely to the Cauchy distribution.
When structural disorder of various types was included in the 
crystallite model for nickel, the computed profiles also varied, 
the modifications being consistent with changes in observed profiles 
The inclusion of stacking faults was found to cause line shift, as 
observed for f.c.c. materials, the presence of 'frozen* thermals 
produced no line shift, but caused a reduction in peak intensity 
with slight line broadening.
Although the effects of various experimental factors could be 
included when computing profiles and curves approximating to those 
observed practically could be obtained, it was found that the Lorentz- 
polarisation (LP) and atomic scattering factors (f ), in particular, 
tended to obscure the presence of small but possibly significant 
changes in profile. The more sensitive interference function 
1 = 1 +  i(s), where i(s) is the oscillatory part of the coherent 
scattering (in atomic units), was used whenever possible, since 
this interference function is directly dependent on the crystal 
structure.
Vhen attempting to determine the structure of Raney nickel from 
the experimental X-ray diffraction profile, two aspects merited 
careful consideration:
a) The reduction of the arbitrary units, in which the experi­
mental profile was measured (usually counts per second), 
to electron units may be made difficult by the experimental 
restrictions on the observable extent of reciprocal space.
(ii) The selection of computed profiles to match the experimental 
profile is a matter of infinite possibility but the choice of 
model to serve as a basis for computation depends on reasoned 
judgement.
One probable aid in making the choice described in section (g) (ii) 
is the use of the electron density distribution function.
The relative intensities in the v/5 Raney nickel X-ray diffraction 
powder pattern suggests that the structure of this catalyst is 
different from mechanically deformed nickel powders. Since the
pattern is not amenable to interpretation by conventional methods 
of line broadening analysis, comparison was made between the 
experimentally observed and computed intensity profiles.
As the X-ray diffraction patterns indicated that the more active 
Raney nickel has a paracrystalline structure, intensity profiles 
were computed for nickel having distortions of the second kind. 
Allowing for the presence of fluorescent and incoherent radiation, 
the best fit was obtained for a crystallite size of about 20 2 
and paracrystalline distortions of about 2$.
This model is consistent with a porous structure and a large 
retained hydrogen content, which presumably exists as a substi­
tutions.! solid solution.
CHAPTER 5
BONE
5.1 Introduction
Because of its unique properties, bone has attracted the interest 
of investigators from many disciplines and, from whatever standpoint it 
is studied, bone presents a complex system of structure and function on 
the macroscopic, microscopic and ultra-microscopic levels, with numerous, 
varied chemical and physiological inter-relations.
Bone tissue is the most complex of all building materials in the 
higher mammals and consists of calcarious material in a complex crystalline 
form associated with a fine matrix of collageneous fibres. It is a living 
tissue, which supplied with nerves and blood vessels, changes not only 
its external form but its internal architecture in responses to stresses 
during life.
Bone has a number of functions the most obvious of which is the 
skeletal .one, the skeleton providing a system of support and a system 
of mechanical levers for locomotion and manipulation. Other functions 
include those of protecting vital soft tissues, e.g. brain, of playing 
a role in mineral metabolism by acting as the principal body reservoir 
of calcium phosphate jjoas and also of acting as a store for a variety of 
blood-borne ions, such as fluorine, which may exchange with calcium ions.
Considerable efforts have been made to correlate the role of the 
constituents of bone with its various functions and biological behaviour, 
and although a living tissue, bone has become of interest to the materials 
scientist and crystallographer because of the similarities in its con­
stitution and behaviour when compared to other composite materials. Most 
composites have been designed to provide flexibility and resistance to 
fatigue, a property not encountered in most of the cheaper and more
plentiful materials. Two important features of a composite are the 
constitution and relative arrangement of the components. Both features 
are outstanding in bone, in which the ingeneous arrangement of the 
components provides not only a unique combination of strength, lightness, 
hardness and flexibility, but the composite also has built-in semi­
conducting and piezo-electric properties which may provide automatic 
control of dimensions and shape. In addition, bone, in common with other 
tissues, has the faculty of self-repair, which helps to eliminate possible 
sources of stress fracture.
In the present work, both aspects of bone, considered as a composite, 
are investigated since relatively little work has been reported on the 
defect structure of the mineral content in bone and few systematic 
examinations have been made of the textures of different bones.
5.2 Composite Nature of Bone
5.2.1 Constitutents of Bone
The basic components of bone are collagen, ground substance and 
bone mineral About 95/° of the bulk of bone tissue consists of
the protein collagen in the form of white fibres which are so arranged 
as to provide a framework which confers shape to a particular bone.
Collagen is a fibrous protein which is composed from aggregates of 
tropocollagen macromolecules. The complicated structure of these macro­
molecules results from several simultaneous spiral arrangements of poly­
peptide chains. These macroraolecules are about 2800 2 long and 15.6 2
wide and collagen fibrils, visible by electron microscopy, are formed 
by lateral aggregation of the tropocollagen molecules, A characteristic 
feature of such fibrils is a periodic banding whose repeat distance 
parallel to the fibrils is approximately 640 2. Of the several arrangements
proposed to explain the band periodicity, the ’random aggregation1
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model provides the best agreement with the known properties of
collagen.
Neither the nature or functional significance of the ground substance 
has been clearly demonstrated. It is believed, however, to have a well- 
defined complex chain system forming bridges between the collagen fibres 
and to take part in calcification and dehydration processes.
Bone is hard because it is impregnated with mineral which is firmly 
positioned in the organic framework. Calcification is not necessarily 
evenly distributed throughout a bone, the most densely calcified regions 
occurring in older bone structures, such as Haversian systems and the 
least calcified regions normally occurring in newly forming regions. The 
bone mineral belongs to the geological apatite system, and has the basic 
formula Ca^(P0^)g(0H)^. The crystals are small, about 50 2 thick, but 
their morphology has not yet been firmly established. The small crystal­
lite size leads to a large number of surface non-shared ions so promoting 
enhanced ion transfer and chemical reactivity.
The apatites are very accommodating compounds which allow a large 
variety of substitutions within their crystal structures. Some of these 
substitutions are distortive and lead to defect and/or non-stoichiometric 
compounds, two of the more important examples being calcium-deficient 
hydroxyapatites and the carbonate bearing apatites. The presence of 
calcium deficient apatites has been variously proposed but they are not 
now believed to form any significant part of mature bone, although they 
may be formed as intermediates during crystal maturation . It has
been suggested that the initial crystalline phase precipitated in bone 
is octa-calcium phosphate from which, by gradual hydrolysis and phase 
transformation, hydroxyapatite is formed. The system proposed by Brown
(257)accoimts for the non-stoichiometry of bone mineral and the variability
of the Ca/p ratio which increases with age (^38)^ a^so ai]_ows f0r
the formation of pyrophosphate (from octa-calcium) on heating. It is
very difficult to distinguish between octa-calcium phosphate, tetra-
calcium phosphate and calcium hydroxide because of their relatively
similar X-ray powder diffraction patterns.
Eanes and associates have shown that in the precipitation
in vitro under physiological conditions, the first solid phase is
(239)essentially non-crystalline. Harper and Posner 7 have confirmed 
that bone contains amorphous as well as crystalline calcium phosphates, 
whilst Termine and Posner kave sho^ that the relative proportions
of amorphous calcium phosphate and poorly crystalline apatite respectively 
decrease and increase with age.
5.2.2 Preferred Orientation in Bone
The differentiation of different types of bone tissue is largely 
dependent upon variations in the preferred orientation of the constituents, 
so that texture studies form an integral part of bone histology. Differ­
ences between various bone textures are clearly demonstrated by lamellar 
and 'coarse' fibre (or 'woven') bone both of which may exist either in 
compact (dense) bone or in the trabeculae forming cancellous ('spongy') 
bone.
Preferred orientation of the crystalline components in bone has 
been studied using polarised light and X-ray diffraction and, more 
recently, electron microscopy. The orientation of the crystallites in 
bone was first detected in X-ray diffraction patterns of long bones by 
Clark who showed that the fibre axes were parallel to the long
axis of the bone. This was confirmed by Stuhler was a^s0 at>le
to show that the directions of the c-axes of the apatite crystals were 
parallel to the collagen fibres. In studies of calcified and ossified
(242)
bird tendons Engstrom and Zetterstrom have recorded well oriented
reflections of both collagen and apatite on the same pattern, confirming
the parallelism of the apatite c-axes and the collagen fibre directions. 
(75)Clark.and Iball have used X-ray micro-beam methods to study variation
of orientation along the length and around the cross-sections of long
(74)bones. Lewis and Nightingale have reported the application of
X-ray texture goniometry to the study of bone and the present work 
describes a more detailed study using this method.
5.3 Texture Studies in Bone
5.3.1 Method
An X-ray method, capable of giving good resolution and high accuracy
in texture determinations is based on the Schulz texture goniometer. The
*
goniometer has two orthogonal circles about which a plane specimen is 
made to rotate. Rotations take place about axes normal to, and parallel 
to, the plane specimen surface and are measured by the angles <J> and 
P respectively. Synchronous rotations about these axes is represented 
in stereographic projection as the spiral motion of the pole, corresponding 
to the normal of the (hkl) reflecting plane, in the plane of projection.
A different type of specimen is required for each of two diffraction 
modese These are the reflection and transmission modes for which the 
angle p is less than, and greater than, 70° respectively. At higher angles 
X-ray absorption and geometry become of great account. To provide 
specimens of dimensions suitable for the Schulz goniometer, sections 
about 2 cm. in diameter were cut from various bovine bones. For the 
reflection mode, the specimen could be up to 3 - 4 mm thick, but it must 
have one large plane polished surface so that the para-focussing condition
of the goniometer may he met. For the transmission mode, the maximum 
specimen thickness must not exceed 100-150 microns on account of X-ray 
absorption. The sections cut for each type of specimen were cut from 
immediately adjacent regions in the bone.
Changes in intensity of the diffracted beam resulting from changes 
in the orientation of the specimen were chart-recorded. To correct for 
variation in absorption with change of specimen orientation (angle p ), 
intensity traces were also recorded for randomly-oriented powdered bone 
specimens having the same density as normal bone.
The corrected intensity values provided the data for computer 
drawn pole figures. The computer program was developed for orientation 
studies in polymers and was based on one devised by the British
Petroleum Co. Ltd. for mapping the sea bed for North Sea oil exploration. 
The original program was adapted for contour plotting on stereographic 
pole figures. The diffracted X-ray intensities corresponding to stereo- 
graphic locations ( p) are converted into intensities on a grid 
system. By sampling the intensities at surrounding points on the grid 
and determining intensity gradients, the program assesses intensity values 
at intermediate points along the grids around any grid point so permitting 
contours to be located at the correct intervals along the grid lines.
From a preliminary study of the powder pattern of bone, it was 
decided to use X-ray reflections from the (002) and (310 ) planes in 
apatite in the construction of pole figures. Although the pattern shows 
broadened lines, these reflections are reasonably isolated from other 
reflections and have good intensity. These two reflections are sufficient 
to completely determine the orientation of the apatite crystallites. In 
the presence of apatite, with its relatively high X-ray absorption, the 
reflections from collagen, with its polymeric-type pattern, were not
readily usable
5.3.2 Results
Pole figures were drawn for compact bone in a number of bovine 
bones. Initially, to test the consistency of the method, transverse, 
tangential and radial sections were cut from the mid-shaft of a femur 
and comparison was made between the 002 and 310 pole figures obtained 
for the apatite crystals in each section. General agreement between the 
six pole figures was obtained. Pole figures for the femur, fibula and 
tibia are shown in Figures 5.1» 5.2 and 5.3. Sections were also cut 
from the scapula and pelvis as shown in Figures 5.4 and 5.5 and the 
corresponding pole figures are shown in Figures 5.6 and 5.7.
All the pole figures show that the general orientation of the 
apatite crystals can generally be referred to a single axis in the bone 
and consequently, it seemed appropriate to regard the distributions as 
similar to fibre textures. Since pole figures are, in themselves, only 
pictorial representations, it was decided to supplement them with the 
use of the fibre distribution functions developed by Hermans and co-
(243)
workers . They used the function
<Cos^p> =
fir/2
o
fZir 2
I(p,$)Cos p Sinp d<f> dp
'tt/2 zir
o I(p,<f>)Sinp dc|> dpo
l(p»<j>) is the intensity at any point (p,<J>) on the stereographic map 
and the double integration is carried out over the solid angle 2tt.
The equation is based upon the assumption of proportionality between 
the density of pole (or number of crystal planes per unit solid angle) 
and the corresponding reflected X-ray intensity, whilst the number of
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Fig. 5.1 Pole figure - bovine femur shaft - transverse
section - apatite 002,
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Fig. 5.2 Pole figure - boving fibula - longitudinal
section - apatite 002.
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Fig. 5.3 Pole figure - boving tibia - transverse 
section - apatite 002.
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Fig. 5.4 Bovine scapula showing section cut from blade - arrow 
indicates predominant direction for apatite c-axes and 
corresponds to NE-SW direction in Fig. 5.6.
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Fig. 5.5 Bovine pelvis showing section cut from greater
sciatic notch - arrow indicates predominant direction 
of apatite c-axes and corresponds to N-S direction in 
Fig. 5.7.
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Fig. 5.6 Pole figure - bovine scapula - apatite 002 
See Fig. 5.4.
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Fig. 5.7 Pole figure - bovine pelvis - apatite 002
See Fig. 5.5.
crystal planes with normals oriented at a given polar angle p is
4
proportional to Sin p .  The distributions can also be described in terms 
of the function <Cos p> - l) which is probably more satisfactory
in that complete axial alignments and fully random distributions are 
described by the function taking the values 1 and 0 respectively. From 
the relationship above, one can also plot distribution curves of relative 
numbers of crystals, N (p) , having their reflecting plane normals at 
polar angle p, with p .
2 2 
Table 5.1 shows the values of <Cos p> and y (3 <Cos p> - l)
for the sections examined whilst the corresponding distribution curves 
N( p ) vs p are shown in Figures 5.8 to 5.11#
Although not designed for small specimens, the Schulz goniometer 
was used to examine several individual trabeculae. Difficulties were 
experienced in specimen alignment whilst the intensities of the reflections 
from such small specimens were so low ( - 30 cps) that step-counting-
had to be employed. Since, to produce a pole figure, some 700 intensity 
values have to be recorded, manual step-counting through such a number 
was not considered practical. Hence, assuming axial symmetry, average 
intensity readings were recorded for selected intervals in p and values 
of the distribution functions were found and the corresponding distri­
butions were plotted. These are show in Table 5.2 and Figures 5.12 
and 5.13 respectively.
5.3.3 Discussion
Further confirmation of the consistency of the pole figures
obtained for bovine femur was sought numerically from a plot of Wilchinsky’s
generalised orientation functions ^44)^ For both 002 and 310 reflections
2
from the same transverse section, values were calculated for <Cos D >
Khkl,X
2 2 
<Cos y> and <Cos phkl Z> where h k 311(1 1 are 'fciie Miller indices
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Fig. 5.8 Orientation distributions - transverse, tangential and 
radial sections in bovine femur - apatite 002.
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5.13 Orientation distributions - goat femur trabeculum and 
machined specimen from bovine femur - apatite 002.
Table 5*1
Distribution Functions for Large -Flat Sections cut from Various Bones
Bone Section <Cos2 p> i(3<Cos2p>-l) > > P (0)v h t Remarks
Bovine
Femur Transverse 0.67 0.50 35 30 P)
)
F!
F)
Tangential 0.49 0.25 45 34 Mid-shaft
Radial 0.52 0.29 43 30
Femur Tangential 0.61 0.41 39 30 P Mid-shaft-
endosteal
surface
Tangential 0.52 0.28 44 35 F Mid-shaft 
- middle
Tangential 0.48 0.23 46 35 F Mid-shaft 
- Periosteal 
surface
Femur Tangential 0.51 0.27 44 32 F Proximal 
end - 
exterior 
cortical 
bone
Tibia Transverse 0.69 0.55 33 20 P Mid-shaft
Fibula Tangential 0.50 0.24 45 30 F Mid-shaft
Scapula - 0.62 0.43 38 30 P
Pelvis “ ■ 0.60
Goat
0.41 39 30 P
Femur Tangential 0.59 0.37 40 30 P Mid-shaft
tP - ’Peak^ or sharp distributions 
F - ’Flat1 distributions
Table 5.2 Distribution Functions for ’Cylindrical1 Specimens of Small
Dimensions
Specimen n 2 <Cos p> "H3<Cos2p>-l) p ( °> P (0)I«1 t Remarks
Traveculum -, 
bovine femur
0.72 0.54 32 26 P Diameter 0.15 
mm
Trabeculum - 
Bovine femur
0.83 0.74 24 16 P As above - 
calcined at 
800° C
Trabeculum - 
goat femur
0.73 0.60 31 22 P
Bovine femur 0.66 0.49 36 25 F Specimen 
machined from 
mid-shaft - . 
diameter 0.24 
mm
t P - ’Peaky’ or sharp distributions 
F - ’Flat* distributions
2Table 5.3 Values of <Cos p v> etc.
_________  OU2..rt.
Direction
Obtained from pole figures
Calculated from 
1 - 2 <Cos2p510>x>
<Cos2p002,X> <Cos2p310,X> <C0S p002fX >
Z - long 0.54 0.15 0.70
X - tangential 0.24 0.41 0.18
Y - radial 0.19 0.41 0.06
of the reflecting plane and X, Y and Z are tangential, radial and long
l '
directions in the femur. Since apatite has hexagonal symmetry, we may
2obtain values of <Cos p Y> , etc., from the relationships of the
2 2 kind <Cos p = 1 - 2  <Cos p„n „ v >. These values are002 f A ^10 ^ A
2compared, in Table 5.3, with values of <Cos p qq  ^ obtained directly 
from the 002\reflection and diagramatically they are shown in Figure 5.14*
The discrepancies between the two sets of values are not excessive 
when it is remembered that ideal fibre textures are not obtained and 
also that, although not readily observable, the presence of collagen 
must cause anomalies in X-ray texture patterns in a fashion similar to 
that in which the * amorphous1 fraction affects texture patterns obtained 
from polymers.
As mentioned earlier, the main textures shown for long bones 
were similar to fibre textures with the majority of the apatite c-axes 
having alignment near to that of the long axis of the bone. Textures 
of a similar nature were also observed for the cortical encasement bone 
near the head of the femur, the cortical encasement bone of the pelvis 
and the scapula blade. In the latter two cases, the directions of the 
•fibre1 axes are shown on Figures 5.4 and 5.5, and were found to be 
parallel to the edge of the Greater Sciatic Notch and inclined at 45° 
to the scapula spine. The textures followed the general texture indicated 
by the main vascular canal directions. The latter could be observed 
visually and by X-ray radiographs.
Distributions were also obtained for tangential sections cut at 
different points across a bovine femur shaft and femur trabeculae and
also, for the tangential section and a trabeculum from a goat femur.
2Each value of < Cos p> shown in Table 5.1 leads to an ’average’ 
polar angle ( p). This is compared with the angular position (p^) of
Fig.
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5.14 Wilchinsky orientation function diagrams for
basal and prism planes of bovine femur apatite
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the maximum of the corresponding distribution curve. Table 5.1 shows 
that the overall range of angle lies between 52° to 45° for p and 22° 
to 35° for As may be expected, the values of P are greater than
the corresponding values of p^. The latter are probably more in 
accordance with the prevalent inclination of fibres observable either 
morphologically or by electron microscope.
For both kinds of angle shown in Table 5.1# the smaller values 
of the angles correspond to those distribution curves having the more 
pronounced maxima. Neither pole figures nor distribution curves can, 
however, distinguish between a helical or a simple inclination of the 
apatite c-axes relative to the main axis.
Comparison of values of .P and P^ in Tables 5.1 and 5.2 show 
that the helical or inclination angles are, in general, smaller for the 
trabeculae than for cortical bone. Amongst the flat specimens, the 
tibia gave both the sharpest pole figure and the smallest angular values 
whilst the largest values are given by the tangential sections of the 
femur.
For the specimen obtained by sectioning a bovine femur at three
\
different points across the shaft, there was found to be a progressive
2reduction in the values of <Cos p> as the situation of the section 
changed from the inner (endosteal) surface to the outer (periosteal) 
surface. A plot of the V/ilchinsky generalised function for the three 
specimens is shown in Figure 5.15. The movement of the representative 
point indicates a less ordered orientation distribution near the perio- 
steal surface with a tendency to include a tangential component in these 
regions. Such behaviour would be expected from this sectioning had the 
bone been undergoing remodelling with the less mature, primary bone 
being laid down on the periosteal surface and had the more mature, more
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Fig. 5.15 Wilchinsky orientation function diagram - tangential 
sections taken at points across bovine femur shaft - 
apatite 002 - E - Endosteal C - Centre P - Periosteal 
See Fig. 5.9.
organized bone occurred close to the endosteal surface.
Both. X-ray microradiographs*and optical micrographs were obtained
from a number of the sections prepared as specimens for the Schulz
texture goniometer when used in the transmission mode. The thicknesses
of these specimens were suitable for such observations without further
modifications. These micrographs are shown in Figure 5*16. When the
data shown in Table 5.1 is compared with the relevant micrographs, there
appears to b e no marked change in the 1 average1 angle ( p ) with
variation of bone tissue type. For example, the transverse sections of
bovine femur and tibia which show Haversian together with less mature
bone and predominantly lamellar bone respectively, give very similar 
2values for <Cos p>. Again, the very mixed and open structures of the 
pelvis and scapula appear to lead to values for this quantity which are 
similar to those obtained for the more closed and homogeneous structures 
referred to above. Whilst these comments refer to bovine bone, the goat- 
femur shows much the same features.
It may be remarked that no specimen showed unraistakeable evidence 
of a tangential component to the preferred orientation of the apatite 
crystals in the way reported by Clark and Iball. These authors, however, 
worked with the bones of either extremely young or hardly mature rats 
and that their observations referred to the earliest bone laid down in 
the rat femur. Figure 5.16 shows that the majority of bone described 
above showed, at least, very early maturation had occurred. However, 
as mentioned earlier, the periosteal region of the femur showed more 
tangentially oriented crystallites than the endosteal region.
A short study was also carried out with the intention of examining 
the relationship between the orientations of both apatite and collagen. 
This was a joint study with Harden and formed part of an investigation
(a)
(b)
(a) X-microradiograph (b) Optical micrograph
x 150 x 150
Fig. 5.16 (i) Bovine femur (transverse section) showing mature bone
around osteons, Haversian systems, Volkmann canals, 
interstitial lamellae and bone cells.
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(b)
(a) X-microradiograph (b) Optical micrograph
x 150 x 150
F i g .  5 . 1 6  ( i i ) Bovine femur (tangential section) showing primary bone 
with little calcium variation.
(a)
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(b)
(a) X-microradiograph (b) Optical micrograph
x 150 x 150
Fig. 5.16 (iii) Bovine femur (radial section) showing Volkmann canals
and some secondary bone around the vascular canals.
(a)
(b)
(a) X-microradiograph (b) Optical micrograph
x 150 x 150
Fig. 5.16 (iv) Bovine tibia (transverse section) showing lamellar (primary)
bone with very early development of some osteons. The 
lighter (more calcium dense) lines are probably cementing 
areas.
(a)
Fig. 5.
(b)
(a) X-microradiograph (b) Optical micrograph
x 150 x 150
16 (v) Bovine scapula showing compact bone - mainly primary
(a)
(b)
(a) X-microradiograph (b) Optical micrograph
x 150 x 150
F i g .  5 . 1 6  ( v i ) Bovine pelvis showing large channels for nerves and 
blood vessels. Varied bone tissue including cancellous.
(a)
(b)
(a) X-microradiograph (b) Optical micrograph
x 150 x 150
Fig. 5.16 (vii) Goat femur (tangential section) showing highly vascularised
primary bone, the nutrient channels carrying arteries and 
veins. Maturing bone with some evidence of Haversian 
sys terns.
of preferred orientation in various collageneous tissues . A
long section from a chicken femur was decalcified and distribution curves 
•were dram for reflections corresponding to the meridional and equatorial 
spots on a film, for both wet and dry conditions of the sample. Due to 
the weak reflecting power of the material, only sufficient data was 
collected to construct the curves in a fashion similar to the trabeculae. 
Likewise, these are based on the assumption of axial symmetry and are 
shorn in Figure 5.17, whilst the values of p and are shorn in
Table 5.4.
Table 5.4 Distribution Functions for Decalcified Bone
Maintain Wet Dry
Deflection 29 <Cos2 p> i(3<Cosp>-l) P PM
<Cos2p> -2~(3<Cos2p>-l) P p m
Meridional 31 0.63 0.44 38 20 0.66 0.48 36 30
Equatorial 7 0.76t 0.65f 29 0.82f 0.73t • 25 -
2 2f Derived from the expression <Sin p> - 2 < Sin X> where X = 90 - p
is the angle measured from the equator and not from the *axis*. All angles 
listed are in degrees. _
It is observed that, although for both conditions the average angle is 
approximately the same, the distribution curves are markedly different, 
with the peaks for the meridional (29 = 51°) reflection at 20° and
30° for the wet and dry conditions respectively. This indicates that the 
water content affects the orientation of the collagen fibres, the water 
probably freely entering the interstices vacated by the apatite in addition 
to the other sites. There is also a corresponding change in the distribution 
and average angle obtained from the equatorial reflections. This confirms
Fig. 5*17 Orientation distributions for decalcified bone.
(i)
 
& 
(ii
) 
- 
a
ir
-d
ri
e
d
(ii
i) 
& 
liv
) 
- 
m
ai
n
ta
in
ed
 
w
et
the X-ray photographs in which these two predominant reflections visually 
show different distributions, the meridional being in the form of a narrow 
long circular arc whilst the equatorial reflections are short fat circular 
arcs. The latter also changes its 20 value upon the addition and removal 
of water. These differences in spot shapes also suggest that the collagen 
crystallites have different directions, so that the collagen crystals are 
presumed to be long and narrow with their long direction parallel to the 
fibre axis. The differences in the tangential extension of the spots agrees 
with the differences discussed above. In general, the values of the angles 
p and agree with and lie within the range of angles shown for apatite 
crystallites in Table 5*1, and the distribution curves are similar to those 
shorn for apatite. The differences between the distributions and values 
for p can be attributed to the falsity of the assumption that the distri­
butions are truly axial.
Flat transverse sections of bovine femur were also decalcified to 
provide specimens suitable for the Schulz texture goniometer. However, 
the intensity of the meridional reflections was too weak to provide 
satisfactory results.
5.4 . Microstrain and Crystallite Size in Bone Apatite Crystals
5.4.1 Introduction
To study bone as a living composite material, it is necessary to 
have knowledge of the size, habit and defect structure of all the constituents 
of which bone is composed. Normally, these properties can be studied by 
means of either X-ray diffraction, electron diffraction or electron micro­
scopy, but in this latter case a number of difficulties arise. Transmission 
electron microscopy requires the preparation of extremely thin sections, a
task not easily accomplished for mature bone. Again, two of the constituents, 
ground substance and amorphous apatite, are not crystalline whilst for the 
two crystalline components, the X-ray diffraction effects from apatite tend 
to mask those of collagen. However, despite the broad powder diffraction 
lines, it is possible to use sufficiently isolated X-ray reflections from 
the apatite crystals to investigate the properties of the apatite constituent 
as it exists in bone.
Two independent X-ray scattering methods have been used in the 
study of apatite crystal sizes in osseous tissues. Low angle particle
( ( 9A7^
scattering has been used , to show that the crystals in dense
bone are of uniform cross-section and elongated along the c-axis (70 x 
70 x 210 2). X-ray diffraction methods based on line broadening in powder 
patterns have also been used to estimate crystal size (248) (72)^
(72)Carlstrom found that the crystallite size along the c-axis was
about 230 2.
Electron microscopy has not altogether confirmed these shapes and
dimensions. Robinson ^^9) average sizes of 500 x 250 x 100 2, whilst
later work revea]_e(j existence of tabular crystals of estimated
length and width each 350 - 400 2 and thickness 25 - 50 2, with a size
range showing a preponderance of tabular crystals of larger dimensions,
about 180 2. The platelet morphology of these crystals has been confirmed
by later workers (251> <252).
The presence of distortions in the lattices of mineral crystals
has been suggested as one reason for some of the inconsistencies in the
(75)X-ray diffraction line broadening studies on crystal sizes . By
adding a strain terrn^  k Tan 0, to the Scherrer equation, Carlstrom and Glas 
( 71)v .deduced that lattice distortions produced a variation in the mean 
value of the c-unit cell parameter between 6.81 and 6.95 2 whilst the 310
direction was strain free. These values were obtained for thin highly
(73)oriented fish ribs. However, Posner et al deduced that, in unoriented
human bone powder, the apatite was strain free parallel to the c-direction.
Electron microscope fringe patterns from apatite crystals have been observed
(253)and the presence of dislocations inferred . Variation in composition
of the crystals has also received attention ^5l)^ rphis can lead to X-ray 
line broadening.
It may therefore be concluded that crystal defects and corresponding 
microstrains are present in bone apatite, but few attempts have so far
been made to measure the microstrain concentration. These microstrains
would not only affect crystal size estimations, but would also influence 
the reactivities and growth of the crystals.
It was decided to investigate both fresh bone and calcined bone. 
Previous work had shown that calcining bone produced considerable sharp­
ening of the profiles, making it possible to obtain a good instrumental
correction. It was also thought that an X-ray line broadening study of
bone calcined at increasing temperatures, supported by electron microscopy 
observations, might throw light on the mechanism of crystal growth and 
dislocation movement in apatite, and act as a check on the X-ray measure­
ments.. It is known that calcining produces some small changes in the 
chemical composition of bone apatite, but it was considered that these would 
be too small to alter the X-ray diffraction patterns appreciably.
Computer drawn pole figures of the apatite crystals treated at 
the various temperatures were plotted to study the orientation of the 
crystals, in order to see if this would throw any light on the crystal 
growth mechanism, and also to see if' certain multiple order reflections 
could be enhanced by using the known preferred orientation.
5.4*2 Experimental Details
To obtain specimens of intacHb cortical bone suitable for powder 
X-ray diffractometry, transverse and tangential sections were cut from a 
bovine femur. Due to the effect of the very small apatite crystal size
i
in bone on the X-ray reflections, these specimens were chosen for two 
reasons. The first was to provide a sufficiently large specimen surface 
to give adequate reflected intensity, and the second, to aid the separation 
of the X-ray reflections from different planes, which, in the diffraction 
pattern from a substance having hexagonal, or lower symmetry, are frequently 
overlapping.
This overlapping of peaks may have prevented the use of multiple 
orders, and so been a factor inhibiting previous work on microstrains 
in bone apatite, but a knowledge of the preferred orientation of the crystals 
obtained with computer drawn pole figures makes it possible to mitigate this 
effect. Bovine femur was selected for this work because the shaft is 
sufficiently thick to provide good transverse and tangential sections with 
the minimum of preparation to eliminate artefacts, and also it has been 
shown that the bovine femur shows a strong texture with the apatite c-axis 
predominantly parallel to the long axis of the bone. The preferred orien­
tation could thus be used, in the transverse section, to enhance the (00.H ) 
reflections from the basal planes relative to the ( hkO ) reflections from 
the prism planes, and vice versa in the tangential section. The sections 
were also successively calcined at 400°, 600° and 800°C.
Microstrains, and the corresponding crystallite sizes, were measured, 
both for the original and for the calcined sections, using X-ray line broad­
ening methods. A Philips powder diffractometer was used with Ni-filtered 
Cu radiation to give chart recorded profiles at the slowest scanning 
speed of l°/md-n* in deviation angle (2©).
Even with this selection of specimen, it was found that some over­
lapping of peaks still occurred and that most isolated peaks were so weak 
and broadened that profile analysis by the methods of Warren and Averbach, 
Wilson, etc. was not possible, and the integral breadth method of Wagner 
was therefore chosen.
/ *\2As described in Section 2.2.1, plots were made of ) against 
, *x2 PF
^d ) and values of eand D were obtained from the slopes and intercepts 
respectively.
Due to intensity and overlapping, only six reflections were used. 
These were the basal reflections (00.2), (00.4) and (00.6) and the prism 
reflections (lO.o), (20.0) and (31.0). The (00.4) and (41.l) planes 
have practically the same interplanar spacings and will therefore overlap. 
However, as their intensities were calculated to be in the ratio 37:1* and 
the angle between the two sets of planes is about 75°, it was felt 
justifiable, due to the existence of the preferred orientation, to use 
the (00.4) reflection. Similar considerations also applied to the pair of 
reflections (00.2) and (20.l).
Computer drawn pole figures of the apatite crystals -were obtained 
from fresh femur in transverse and horizontal sections, and also from the 
calcined specimens at various temperatures. It was not possible to study 
the parts of the pole figure with p > 70° in the calcined sections because . 
the Schulz goniometer requires that these are studied in the transmission 
mode, and hence requires very thin specimens. It was not possible to 
obtain sufficiently thin specimens of the brittle calcined bone. However, 
sufficient detail was obtainable from the (00.2) reflections to give a 
good pole figure, very few crystals being sufficiently far from the main 
vertical orientation to appear in the outer part of the stereogram.
Diffractometer profiles were obtained for unoriented powdered bovine
femur bone both before and after calcining.
5.4.3 Results
Figure 5.18 shows the variation of microstrain and crystallite 
size with temperature of calcination, and includes curves for the two sets 
of reflections. Below 500°C only a small amount of microstrain was relieved 
with little increase in crystallite size. The rate of microstrain relief 
increased above this temperature and reached a maximum in the range 500° 
to 800°C. The whole process is similar to the general annealing behaviour 
of other materials such as alumina. Crystallite sizes increased from the 
initial values of c = 290 2 and a = b = 70 2 in the untreated bone to above 
four times the larger value for all axes at temperatures in excess of 800°C.
The two sets of curves show the existence of anisotropy, both in 
the microstrains and crystallite sizes, for compact untreated bone apatite. 
The greatest microstrains and smallest crystallite sizes were obtained in 
directions normal to the prism planes and conversely for the c-axis 
directions (normal to the basal planes). As the calcining temperatures 
were increased, the differences in both microstrains and crystallite sizes 
were reduced for both sets of planes, indicating that the higher temperature 
calcining produced a polycrystalline sample of weakly but isotropically 
strained crystallites, which tended to become equi-axed. A check that the 
preferred orientation did not change appreciably during calcining was carried 
out by the construction of computer-drawn pole figures for each temperature 
(Figures 5.19 and 5.20).
Three orders of reflection were obtainable from the basal planes
(OO.l) and it was observed that, on .the Aqua-Vagner graph, the three broad- 
- * 2
enings (p ) did not lie on a straight line. However, when replotted
4 / *\2against m , where m is the order of reflection, the values of ; were
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Fig. 5.18 Anisotropic variation of micros train (e) and crystallite
PF . .size (D ) with calcining temperature.
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Fig. 5.19 Pole figure - untreated bovine femur - transverse 
section - apatite 002 - region p = 0 - 70° 
(reflection mode only).
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3 18.5 12 45.
4 21.5 13 48.
5 24.5 14 51.
6 27.5 15 54.
7 30.5 16 57.
8 33.5 17 60.
9 36.5 18 63.
Fig. 5.20 Pole figure - bovine femur calcined at 800° 
intensities to same scale as Fig. 5.19.
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found to be collinear. According to Hosemann and Wilke, (229)
relationship may be interpreted in terms of paracrystalline distortion
of the second kind. The intercept on the (p )v axis gave a value of 200 2
approximately for the crystal size in the c-direction whilst the slope gave
an average lattice fluctuation, in this direction, of just l.-4$. When
similarly plotted, the (lO.O) planes gave a crystal size of 70 2 and a 
paracrystalline distortion of 2.55^ . For both sets of reflections the para­
crystalline distortions have values greater than the microstrain values
obtained from the Aqua-Wagner method.
i *\2 4Plots of (p ) against m were also made for the calcined bones.
■ / *\2 / *\2These plots, together with the graphs of (P / against (d ; , showed that,
with increasing temperatures of calcination, the nature of the lattice 
distortions changed from paracrystalline towards that more usually encountered. 
The relative intensities of the reflections obtained from the calcined bone 
powder were measured from the diffractometer traces and are compared with 
those from hydroxyapatite in Table 5.5.
As the calcined bone powder had been ground very finely, the discrepan­
cies between the two sets of relative intensities shown in Table 5.5 did not 
appear to be caused by preferred orientation but rather from differences in 
chemical composition. Some confirmation of this proposition is obtained from 
the comparison of the relative intensities of the 002 and 510 reflections
which for hydroxyapatite, freshly powdered bone and calcined bone powder,
2 3 9are ^ and s respectively, a trend consistent with compositional
1 2 o
changes upon calcining.
Table 5.5 Relative Intensities of Reflections
from Calcined Bone
hkl
Relative Intensities (l/lQ)+
Calcined Bone Hydroxyapatite
002 27 40 f
102 8 11
201 17 17
211 100 100
112 45 60 -
300 7° 60
202 37 25
301 3 5
212 5 7 .
310 24 20
*
ASTM Powder Diffraction Data Pile No, 9-432 
tRelative intensities measured with strongest line Iq = 100
5,4.4 Discussion
When measured using the Wagner integral breadth method, the magnitude 
of the microstrains was found to be in the range 0.005 to 0.007. This 
compares with the microstrains produced in metals, alkali halides, 
refractory oxides and metal carbides after severe deformation by heavy 
ball-milling of powders. The magnitudes of the crystallite sizes were also 
of the same order of magnitude as those found in severely deformed powders. 
These crystallite sizes and shapes (240 x 70 x 70 2) appear to be
near those obtained by earlier X-ray workers ^ ^ 6) (247)^ There is a 
slightly larger c-axis dimension but, as the integral breadth method does 
not give a size distribution, the results will tend to be biassed more to 
the larger, more perfect crystals present in the samples. Figure 5.18 
confirms the expected inverse relationship between microstrain concentration 
and crystallite size.
The presence of strain normal to the {00.1} planes is contradictory
(71)
(73)to the findings of Posner et al whilst the microstrain anisotropy
described above is different from that measured by Carlstrom and Glas 
who found that the {31.0} planes were strain free. The latter authors 
found that the strain parallel to the c-axis was about 1fo. Their measure­
ments were, as in this work, made using oriented specimens which, however, 
consisted of fish bone.
Although models based on extensive lattice defects have been
(237) (254)
criticised by Brown and Fowler et al, the results above show
the existence of considerable lattice distortions. It has been claimed
that large amounts of amorphous calcium phosphate are present in bone,
particularly in young bone After removal from the body, the bone
(239)
mineral tends to lose its amorphous fraction , although observations
on newly calcified cartilage, where little time has elapsed between excision
(255)
and freezing showed a substantial crystalline portion . Routine
observation of the amorphous phase by electron microscopy has not yet been
established although a few workers have reported * amorphous hazes' when
observing very early calcification (256)^ ^  even more extreme view
(68)has been proposed by Pautard who has suggested that bone mineral is
actually amorphous and that the observed crystalline pool results from 
excision and sampling.
Supporting evidence for the two-phase mineral model has been a 
number of observations made on samples of synthetic apatites, although the 
exact means by which the amorphous phase is stabilized in vitro is unclear.
The use of relatively pure synthetic apatites as standards for the estimation 
of the amounts of the well-crystallized fractions in materials as impure as 
the biological apatites appears open to question. The results above, how­
ever, are consistent with the model proposed by Posner since a paracrystalline 
model will give rise to the broad 'crystalline1 reflections, 'amorphous' 
haloes and large background observed in the bone pattern. The shapes of 
the X-ray scattering regions, described above, do not agree with those
I OKI 1 i O K 7  i
observed using electron microscopy . The discrepancies may be
explained by changes in structure due to specimen preparation, and possibly
crystal growth caused by heating in the electron beam or that the platelets
are agglomerations of several 'crystallites* mentioned above.
The existence of microstrains agrees with the electron microscopy
observations that the orientation of dislocations is parallel to the
c-axis. This effect has also been observed in macrocrystals of apatite.
The values of microstrains are also in the region of those found in crystals
of corresponding sizes occurring in catalysts, so that the reactivity of
these apatite crystals can be explained in terms of both microstrains due
to defects and also small crystal sizes which lead to high values of the
surface free energy. The sizes lead to a specific surface area of about
190m /gm, with about 20£o of the atoms on the surface, and the average strain
gives a residual strain energy of about 450 ergs/gm. This strain energy,
if interpreted in terms of dislocations, suggests a dislocation density of 
12 2about 10 per cm , a value which compares with highly deformed metals.
The microstrain anisotropy is consistent with (lO.O) {00.1} and (lO.O)
{10.0} slip in apatite. Values of Young's Modulus ^or basa^
and prism planes of apatite were calculated from the relationship
Ehkl - *" sn  + s33 + 15 (l - 1^) (2S15 + S44)
where 1^ is the direction cosine of the angle between the normal to the 
planes and the c-axis, and the elastic constants S., are the compliances,
/ p \
whose values were obtained from the work of Yoon and Newnham  ^ . The 
products x ej1^ T were obtained for both sets of planes at room
temperature and at 600°C. These are shorn in Table 5.6.
Table 5.6 Table of Various Values of Stress Function.
Ehki z Em
20°C 600°C
hkl p *hkl ehkl Ehkl x Ghkl £hkl Ehklx ehkl
0001 1.45 5.2 7.5 4.2 6.0
1010 1.19 7.2 8.6 4.6 5.6
*  x 1 0 ^  dynes.cm ^
This shows that the stress function x e^kl was approximately
equal for each set of reflections at each temperature, showing that an
isotropic stress distribution could be inferred.
The values for Young's Modulus and hence the stress function are
hardly affected by considering the modifications introduced by Katz and 
(259)Ukraincik as a result of their calculations on the elastic moduli of
hydroxyapatite. It is to be noted that the values quoted above are of an 
order greater than those of the anisotropic elastic moduli generally 
accepted for bone. The former are to be preferred, however, in describing
the energy properties of the apatite bone crystals whilst the latter
values are more suitable in the discussion of bone as a composite material*
Values of surface and strain energies obtained for apatite crystals
by various authors are shown in Table 5.7.
Comparison of crystal sizes measured by X-ray diffraction and
electron microscopy suggests that the crystals do not have mosaic structure.
Thus, following the discussion in Section 2.2.5, the total surface energy
/ PF\values were obtained from crystallite sizes \D ; and various measured
or calculated specific surface energies and the strain energy values were
deduced using Faulkner's equation (^9)^ The variation of surface energy
with direction in crystals, which is related to hardness anisotropy and
the tensor properties of the elastic constants in crystals, can be used to
explain the needle habit of the bone apatite crystallites, since the surface
energy of basal faces is greater than that of . the prismatic faces
The computer-drawn pole figures, one for each calcining temperature,
showed that although the preferred orientation of the apatite crystals was
generally unaltered upon raising the temperature of calcination, the
orientation distribution of apatite crystals varied progressively with
temperature. As the crystallites grew in size and the carbonaceous content
was driven off, the orientation function, i < 3  cos p -1> , is found to
increase in value from 0.44-7 to 0.485, indicating that crystal growth was
accompanied-by a tendency to produce a rather more marked texture. This
could be accounted for by assuming that the smaller crystallites are less
well oriented than the larger crystallites, and that in the sintering process,
the larger crystallites absorb the smaller, to improve the texture. The
crystallites increased in volume on -calcining by a factor of approximately
(239)1000. Even if the amorphous apatite y were present in the bone in 
equal volume with the crystallite component, it would not be able to increase
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the individual crystal volume by a factor of this order of magnitude. Thus, 
sintering has taken place between the originally isolated apatite crystals. 
Also, in the sintering or growth, the orientation texture of the original 
crystals is at least maintained. The main crystal growth has taken place 
in the lateral direction. This is the direction of greatest mechanical 
microstrain and least surface energy. Electron micrographs were also taken 
of the powdered bone, both before and after calcining at 800°C. The usual 
dispersion difficulties were encountered in specimen preparation, particularly 
for the room temperature material, from which no truly 'representative* 
particles were to be observed. The 'particles' were either, in the main, 
massive agglomerates or electron 'transparent' thin fragments, presumably 
mainly carbonaceous in content. Some edges of the massive particles showed 
cleavages with a 'fibrous' outcrop. Upon calcining, however, many particles 
showed well defined morphology with crystallite sizes up to 5000 2 (Figure 
5.2l). Also, good crystal perfection was demonstrated for the irregularly 
shaped smaller particles of the calcined material, by the presence of inter­
ference fringes within the images (Figure 5.22), and sharp electron diffraction 
spots, the arrangement of which showed that preferred orientation still 
existed. The growth of the apatite crystals probably follows a sequence 
in reverse to the caries destruction of dentine, in which the apatite 
crystals are reduced by bacterial attack to thin slivers parallel to the 
c-axis. The central core of the dentine crystals has been regarded as 
being more disordered than the bulk crystal and the higher energy content 
might make the crystal core more reactive. This disordered core is probably 
associated with non-stoichiometry in the hydroxy-apatite. A screw dislocation 
with this disordered core as axis could cause growth according to a Frank- 
head mechanism. The apatite in dentine is known to be far less disordered 
than the apatite in bone, and gives rise to much sharper X-ray reflections.
Zooo A
Fig. 5.21 Electron micrograph - calcined bone - large particles
showing good morphology.
Fig. 5.22 Electron micrograph - calcined bone - particles thin 
enough for electron transmission showing interference 
fringes.
5.4.5 Stability of Apatite Crystals
Two important aspects of the apatite crystallites are their size
and morphology. These must be related to their mechanical function as
reinforcement to the collagen matrix, and their function in the dynamic
interchange of calcium and phosphorous in the body metabolism. The
importance of crystallite size has been shorn by the examination of cortical
(45)bone using electron probe micro-analysis to investigate the distribution
of sodium and magnesium in interhaversian and haversian tissues. Concentra­
tions of mineral ion absorption on the surface of apatite was found to be 
greatest in young bone (osteons) and this agrees with the hypothesis of 
ion absorption on the surfaces of apatite crystals, a process which is 
dependent upon surface energy. This energy, with specific surface area 
available for ion absorption decreases with crystal growth during ageing.
The stability of hydroxyapatite crystals has recently been discussed 
in terms of the Kelvin equation ' which requires a value for the surface 
energy in a physiological medium. It appears that the interfacial energy 
between the crystals and their medium must be substantially lower than 
the *in vacuo1 surface energies measured for large crystals. For example, 
the importance of absorbed water and temperature have been emphasised by 
Rootare . The large amount of energy due to mechanical strain, found
in this present work, would also indicate a lower value for the interfacial 
energy than has been proposed, especially as much of this strain energy 
could reside close to the surface. Walton has proposed that there is 
chemical interaction between the organic and the inorganic phases in bone. 
This could increase the stability of the crystals by reducing the inter­
facial energy. It would also seem that the bone cells may play some part 
in the stability of the crystals, whilst Posner has suggested that
the collagen shields the crystals from body fluids, thus inhibiting 
dissolution.
5.5 Conclusions .
Due to the difference in diffracting powers of the two crystalline 
components in bone, the determination of preferred orientation in bone by 
X-rays was carried out more readily for apatite than for collagen, using 
the conventional methods including the Schulz texture goniometer. The 
use of this instrument in its normal operation requires large specimens 
and so only a limited range of animal bone is suitable for examination 
by this means. The textures observed in such large cortical bone specimens 
were found to approximate closely to those of fibre textures which are 
determined by the collagen constituent of bone. For the few specimens 
examined so far it was found that
1. No very marked change in preferred orientation, as measured 
by the Hermans1 orientation function, occurred with variation 
in bone tissue type.
2. Some of the variations observed in the orientation function
for the transverse and radial or tangential sections of the same 
long bone may result from the difficulties inherent in relating 
the data collected in the reflection and transmission modes of 
operation of the Schulz goniometer.
3. Within the limits of the methods, a regular change in the 
orientation function with position across the transverse section 
of a long bone was observed. The change indicated a less simply 
ordered arrangement near the periosteal surface, the reduction 
in ordering being accompanied by an increase in the tangential 
component. One suggestion for this behaviour is that there is
a tendency towards a double fibre texture near the outer surface.
4. The trabeculae show approximately the same orientation charac­
teristics as cortical bone with the orientation or 'fibre1 
axis parallel to the axis of the trabeculum.
5. There appears to be a definite and close relationship between
the collagen and the apatite textures, the values of the orientation 
functions for both components lying sensibly within the same range.
The following conclusions concerning bone apatite crystallite 
behaviour were also drawn from X-ray diffraction and electron micrograph 
studies upon natural and calcined bone.
(a) X-ray diffraction profiles from bone can be interpreted by
assigning a paracrystalline structure to the apatite. This
structure is in some agreement with the crystalline/amorphous
(6)model proposed by Eanes et al . The bone apatite, whether 
considered either as paracrystalline or being formed of coherently
diffracting domains, have dimensions of about 240 x 70 x 70 2,
much in accordance with earlier studies, but considerably smaller 
than the platelets often seen in electron microscopy.
■(b) These crystallites exhibit large amounts of microstrain, which
is anisotropic, but accords with an isotropic stress function.
The prism planes (lO.O) exhibit greater microstrain values than 
the basal (OO.l) planes. This is consistent with the needle 
shape of the diffracting regions and the high proportion of surface
atoms on these faces forming regions of high distortion.
(c) The microstrain energy stored in the crystals is comparable with
the values of surface tension obtained by various methods. This
microstrain energy must therefore have an influence on the stability 
of the crystallites in their physiological environment.
Upon calcining bone, the major crystal growth and strain relief 
occurs in the temperature range 600° - 800°C and that, in this 
range, the apatite crystallites grow into equi-axed or platy 
crystals with dimensions of 1000 - 2000 2, and become strain 
free. This improvement in crystal perfection is accompanied by 
a reduction in surface energy and is probably influenced by the 
texture in the bone, which is retained and sharpened.
CHAPTER 6
BRANCHED IOW-CRYSTALLINITY ETHYLENE COPOLYMERS
6.1 Introduction
Over the past fifty years or so, there has been an ever-increasing 
crystallographic and other interest in both natural and synthetic polymers. 
The work on biological polymers has included the elucidation of the 
structures of complex molecules, mainly in terms of helical conformations, 
in proteins, collagens, keratins, and vitamins, etc. whilst many cellulostic 
fibres have also received attention. There has also been a large increase 
in the number of synthetic polymers, the study of which, because of their 
expanding role in the service of man, has been vigorously pursued both 
from academic and technological standpoints.
Compared with the relative ease with which simple ionic and 
molecular compounds can be crystallized, the great length and possible 
appreciable irregularity of polymer molecules hinder the attainment of 
the three-dimensional regularity that is required for single crystals 
of a quality suitable for, and of a size sufficient for, high resolution 
structure determination. However, in the bulk, crystallization occurs 
to a considerable extent in many polymers with the formation of a more 
of less regular structure. A wide range of order, varying from a 
completely disordered molecular array to a near crystalline arrangement 
may, depending upon the conditions of polymerisation and subsequent 
thermal history, be obtained, even within one polymer. Changes in 
polymerisation conditions alter the configuration of the molecular chains, 
for example, by .changing the distribution- of molecular weight, of 
including branches whilst various thermal treatments lead to changes in
the amount of the crystalline regions and the crystallite sizes and 
perfection.
Information about crystalline polymers and their behaviour has 
been obtained from those polymers which form single crystals. The 
single crystals are sub-microscopic being about 1 micron across and 
only 100 2 thick. The molecular chains are normal to the two principal 
faces of the lamella and are folded back and forth. Mechanical deform­
ation has resulted in slip and twinning, whilst dislocations have been 
observed.
Rapid crystallization, particularly from the melt, results in 
dendritic crystalline structures called spherulites. Each originates 
at a single nucleus, the outward growth resulting from the creation of 
secondary lamellae at imperfection sites, e.g. dislocations. The 
lamellar habit of the crystallites is now considered to be the general 
feature of all polymers whether in bulk moulded or fabricated form.
The microstructures of polymers are intrinsically more complicated 
than those of inorganic materials. Although the crystallites are, in 
general, separated from each other by amorphous material formed of large 
open chain folds and other non-crystallized aggregates of the long mole­
cules, there can be interaction both betxreen the crystallites themselves 
and between the crystallites and the amorphous content, especially as 
a long-molecular chain may also crystallize over a number of different 
regions along its length in more than one crystallite. The long mole­
cular chain is also an important feature in the crystallite structure 
since the bonding along the chain gives it high tensile strength in that 
direction. Since the binding between the chains is relatively weak, 
the properties of a crystallite are anisotropic. Consequently, preferred 
orientation will give rise to anisotropic properties of the aggregate.
Whilst fabrication processes such as cold drawing and rolling are applied 
to polymers less commonly than to metals, hot forming processes such as 
extrusion, blow moulding and film blowing are extensively used and various 
textures result. Preferred orientation can also be produced by highly 
directional temperature gradients during crystallization.
Studies of the effects of branching on the properties of polymeric 
materials have largely been confined to simple monomers because of the 
relative ease with which the co-polymerisation can be effected and the 
results interpreted. Another reason for this restriction is that 
commercial production has been confined to the polymerisation of small 
monomeric units. Rather than developing new large monomer polymers with 
properties appropriate to a particular fabricated component or product, 
it is commercially more advantageous to change the properties of these 
large tonnage polymers by the addition of suitable comonomers. In 
particular, the copolymers of polyethylene has received considerable 
attention.
The structure of polyethylene (CH^-CHg) waS (^e^erii:i^ ne<^  ^y ®unn 
(265)^ wag foun£ -j;0 be orthorhombic, having the space group Pnam 
with a = 7.40, b = 4.93 and c = 2.534 2. This polymer has the plane 
zig-zag configuration of the carbon chain characteristic of the normal 
saturated hydrocarbons. The carbon chain is parallel to the c-direction 
with its plane inclined at about 41° to the b-axis. The closest C-C 
distance is 1.53 2.
Bulk polyethylenes are generally typified as high or low density 
polyethylenes. The differences in their properties arise from differences 
in their molecular arrangements which depend upon the method of poly­
merisation. High density polyethylene is produced by a low pressure metal 
oxide catalytic polymerisation which proceeds by step-wise reactions, so
that single ethylene units are added to the base of the growing polymer 
one at a time to give a linear molecule. This type of polyethylene is 
characterised by a high density and a high degree of crystallinity (HDPE).
The majority of bulk polyethylene is, however, produced by a 
high pressure free radical process. This is low density polyethylene 
(LDPB). Due to the random nature of the propogation steps, chain branches 
are frequently formed. These are produced by many subsidiary reactions 
which take place in addition to the formation of the main backbone so 
that irregular molecules are formed and relatively poor crystallinity 
results. The branches are predominently ethyl, butyl, C_ and longer 
branches. Another method of adding branches to polyethylene is copoly­
merisation whereby ethylene and propylene units are added to the polymer.
The addition of branching units to the linear polyethylene chain 
causes structural changes in both the lamellar and non-lamellar regions. 
These changes in structural order are made apparent by changes in crystal­
linity, unit cell dimensions, and crystallite size and perfection, which 
parametral changes are usually accompanied by changes in bulk properties 
of the polymer. Bulk properties such as strength, elongation, stiffness, 
impact strength and heat tolerance are functions of crystallinity. In 
common with a rise in temperature, the addition of branches causes increases 
in the a and b unit cell dimensions with the c-dimension remaining 
essentially constant.
Swan (^66) the changes in the unit cell dimensions of
high-density polyethylene with the addition of various types of branches. 
Preedy has shorn, using X-ray methods, that, under semi-equilibrium
conditions of crystallization, methyl and ethyl groups are accommodated 
within the crystalline lattice whilst butyl groups are not. The temper­
ature dependence of the crystallinity of bulk polyethylene upon branching
( 268  ^
has been discussed by Des Cloizeaus . Ver Strate and VJilchinsky
(79) have studied the degree of crystallinity over a range of compositions 
from polyethylene to approximately 60 mole - fo ethylene. Mortimer 
observed that when small amounts of various coinonomers were copolymerised 
with ethylene, there were increases in toughness and decreases in stiffness 
of about the same magnitude as the natural short-chain branches of poly­
ethylene produce. However, only the former change was enhanced 
by the inclusion of branches containing a tert-butyl group.
The present work is designed to characterise the structures of 
a number of low crystallinity ethylene copolymers and to investigate 
their structural behaviour at elevated temperatures. By determining 
rolling textures, information on the deformation behaviour of these 
copolymers may be obtained and comparison made with that of high density 
and low density polyethylenes.
6.2 Experimental Method
Samples of low crystallinity ethylene copolymers* were examined 
using both spectroscopic (h1*IR) methods, and polycrystalline X-ray 
diffraction. Nuclear magnetic resonance spectroscopy was used for the 
characterisation of .the branchings in the copolymers. The temperature 
variations of the crystallinities, unit cell dimensions and crystallite 
sizes of these polymers were measured using powder X-ray diffractometry 
whilst the determination of the textures obtained upon cold-rolling was 
made with the aid of X-ray texture goniometry.
6.2.1 Characterisation of Branches
Characterisation of chain'branching in polyethylenes has been 
3
achieved mainly b^ gel permeation chromatography and infra-red analysis.
* Kindly supplied by Dr. G.A.Mortimer, Monsanto Co., Texas City, Texas, USA.
More recently, the carbon-13 NMR technique, with its resolving power 
and sensitivity to details in the molecular structure of the hydrocarbons, 
has been shown to offer a powerful tool for the qualitative, and ultimately 
for the quantitative, determination of branching in low and high density 
polyethylenes and the ethylene-l-olefin copolymers.
The three copolymers examined in the present study had different 
amounts of 3*3 - dimethylbutene - 1 comonomer. This set of copolymers 
were selected on the expectation that they would give spectra in which 
no major difficulties of interpretation would arise. . It was also anti­
cipated that the general branching characteristics to be found in these 
copolymers would be indicative of those of all the copolymers. The 
samples were dissolved in hexachlorbutadiene and the spectra obtained 
with the specimens at 403 (+ 2) °K.
A \ Broker N.H.90 NMR spectrometer equipped with a pulsed Fourier- 
transform accessory was used for the NMR measurements at 22.6 MHz. The 
spectra were noise-decoupled. The magnetic field was locked on the 
deuterium signal from deuterated dimethyl sulphoxide contained in a 
capillary concentric with the sample tube. Approximately 50,000 pulses 
with a spacing of 0.85 secs were used to obtain the spectra. Spectra 
were run over a range 0 - 5 0  ppm with respect to the CH^ backbone peak 
set at 29.76 ppm. The pulse point was set at 0 ppm so that the 
solvent signal could be attenuated by hardward filtering.
6.2.2 X-ray Diffraction
6.2.2.1 Structural Order
The structural order parameters were measured over a range of 
temperatures from room temperature up to a flow point pre-determined 
for each polymer. The sheet samples, sufficiently thin to render
absorption corrections insignificant, were held in a special holder
machined for use at the centre of a cylindrical furnace which was mounted
co-axially with the shaft of a Philips P¥ 1048 powder diffractometer,
(270)
The experimental arrangement has already been described by Preedy .
Past and slow traces were run over the region 2 0 =  14° to 2 0 = 28°
(O = Bragg angle) to cover the 110 and 200 reflections and the pronounced 
amorphous scattering in the region of these two reflections, A small 
amount of graphite was dusted on the surface of the specimen to give a 
strong reflection at 2 9 =26,62° which acts as internal calibration 
for peak position measurement.
Determination of crystallinity as a function of temperature was 
made for a variety of samples using an analytical method based on that 
of Matthews et al Since the determination of absolute values of
crystallinity was not essential in this survey, this method was employed 
because of its simplicity and its applicability on a relative scale over 
a wide range of crystalline orders.
Since only two reflections are obtainable for polyethylenes of 
low crystallinities accurate values for 'd* spacings cannot be obtained 
using least squares extrapolation and other correction methods, so the 
internal standard method using the 002 graphite reflection was used.
The angular position of the 110 and 200 reflections may be determined 
accurately with reference to the graphite peak. The unit cell a- and 
b-dimensions of the polymer can then be calculated from the equation
(d*)2 _ ( 2Sin© )2 = h2 + k2
«2 -K2a b
where the symbols have their usual crystallographic significance. Thus,
although only the a- and b- unit cell dimensions are obtainable, the 
inability to measure the c-dimension is not serious since it is, to a
first approximation, little affected by conditions or additions to the 
backbone chain*
The integral breadth method was used for measuring changes in
crystallite size with temperature. The 110 and 200 peaks were separated
from the amorphous background in the manner used for the crystallinity
determination.' In general, this involves drawing the base line between
the two lowest points at each end of the peak tail. The instrumental
broadening, obtained from the graphite standard, run under the same
conditions as the sample, was used to correct the broadening produced
/ PF\by the polymer. The crystallite size ) was then obtained using 
the Scherrer equation,
PFD
pCos©
where p is the corrected broadening.
This relationship was used since with the disorder present 
in bulk polyolefins, and in the polyethylenes in particular, the X-ray 
diffraction patterns show very broad overlapping reflections, large
1 amorphous1 humps and a very large diffuse background. The latter two 
features become more'pronounced at high temperatures. Such patterns, 
consisting of only a few of the most intense low hkl reflections, are
/ / Of7"l \
unsuitable for analysis by any of the more sophisticated methods ,
Thus neither an indication of the nature of, nor a measure of the distor­
tions was possible. However, the Scherrer equation can be used to give
a reasonably accurate value of crystallite size since it has been sho^m
(37)by Hosemann et al in their work on polyethylene single crystal mats,
/ *\2 / *n2 4 (
that the lowest order (p ) points on (,p ; vs m curves vsee Section
5*4.3) dominate the values of the intercepts. Hence, the values of 
the intercepts, which give the crystallite sizes, are virtually independent 
of the values of the paracrystalline strains. Neglect of the strain
term affects crystallite size values only by some 5 - 10$.
6.2.2.2 Alignment Order
Primarily the choice of copolymers to be used in the preferred 
orientation studies was restricted to those showing high crystallinity.
Such copolymers should diffract X-rays with intensities sufficiently 
large for the attainment of high resolution and accuracy in the texture 
determinations. Of those selected, two copolymers had shorter and the . 
third, larger branches so that the effect of' branch size on textural 
changes might be revealed. The deformation behaviour of these three 
copolymers was expected, however, to be generally representative of 
that of all the copolymers forming the subject of this study.
Strips of the three polyethylenes were rolled, at room temperature, 
to thickness reductions of 50/5, 75$ and 86$. The mechanical behaviour 
of these polyethylenes was found to differ from unbranched polyethylene. 
Subsequent to rolling, the branched copolymers curled and some even rolled 
up in a manner similar to rubber-like polymers, in contrast to high- 
density unbranched polyethylene which remains flat, and low-density 
polyethylene which shows only a slight tendency to curl after rolling.
To retain the rolling textures, specimens were cut from the most heavily 
reduced strips immediately after passing through the rollers and then 
bonded onto the flat specimen holders of the Schulz texture goniometer. 
Specimens were also obtained from the rolled strips after several days 
lapse so that relaxed textures could be obtained. Finally, the rolled 
samples were annealed at 100°C so that annealing textures could be 
determined.
The textures for the various conditions of the branched polyethylenes 
were obtained by using a Schulz texture goniometer, used throughout in 
the reflection mode. The intensities for given orientations of.the specimen 
relative to the incident X-ray beam were recorded as traces and, after
corrections were applied for absorption, they were used as data for 
computer plotted pole figures as described in Section 5.3.1.
6.3 Results
6.3.1 Characterisation of Branches
13In the assignments of C chemical shifts in the LM copolymers
/ Qr7A \ / 0*7^  V
studied, the work of Grant and Paul and Lindeman and Adams ,
who investigated the chemical shift behaviour of linear and branched
alkanes, has been relied on. These workers have demonstrated that the 
13C chemical shifts of an alkane can be defined by a linear equation 
which uses a number of empirically determined co-efficients. The 
following designation of branch and backbone carbon resonances in the 
copolymers has been used.
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- CH, CH
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Table 7.1 Assignment of Branches
Observed Resonances in ppm (TNS) Assignment
LM - 98* LI-1 - 105* '. LM - 107*
10.94 10.92 10.94 Methyl, C? branch
15.97 13.96 13.99 Methyl, branch
14.52 14.52 14.52 Methyl, C branch
and higher
22.67 22.64 22.68 2, C branch; 2, 
branch
23.18 23.17 23.18 2, C. branch * 4
- 27.08 24.5 No assignment i
27.12 27.12 27.10 4, C branch; 2, C2 
branch
27.30 - No assignment
28.26 28.28 28.26 p1 - tert-butyl branch
28.89 28.89 28.96 p - tert-butyl branch
29.88 29.88 29.88 Major - CH^ - in
backbone
31.74 31.75 31.75 a - tert-butyl branch
34.00 34.02 34.00 a1 - tert-butyl branch
34.43 34.46 34.45 a f C branch; 5, C_ 
branch
37.86 - - No assignment
38.00 38.04 38.00 S, C branch and 
higher
39.70 39.70 39.68 S. C branch 
2
- 44.61 44.60 No assignment
- 48.18 48.18 No assignment
49.33 49.37 - 49.33 S, tert-butyl branch
*Copolymer Mole fo comonomer 
present in copolymer
LM 107 6.8
LM 105 4.0
LM' 98 0.3
As expected, it was also found that the degree of tert - butyl 
branch substitution increased with the proportion of comonomer added.
The spectra obtained from all the three samples showed that, in addition 
to the branches added to the backbone chains by the copolymerisation 
processes, ethyl, butyl, amyl and higher branches, normally found in 
low-density polyethylene, were also present. This was not surprising 
in view of the polymerisation conditions employed. The general results 
described above may be assumed to hold for all the other copolymers.
6.3*2 X-rav Diffraction
6.3.2.1 Structural Order
Figures 6.1 to 6.7 show the variations of crystallinity, 
crystallite size (D^) and 'a1 unit-cell dimension of polyethylene 
with variations in both temperature and mole Jo content of comonomer in 
the low crystallinity ethylene copolymers. These figures conveniently 
show the relationships between the three curves for each branched polymer. 
Each'set of three curves may be divided into three regions parallel to 
the temperature axis. Over the first region, extending from room temper­
ature up to about 100°C, there is a near linear increase in the fa* 
unit cell dimension, little change in crystallite size and a small
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reduction in crystallinity. In the second region, a marked decrease in 
crystallinity is accompanied by a reduction in the rate of increase of 
the a-dimension and an increase in crystallite size. The third region occurs 
over the range of smallest crystallinity values (< 30$ ) when a very
rapid increase in 'a1-values is usually obtained. The temperatures at 
which transition between'the three regions occur is. a function of both 
the comonomer and the amount of comonomer added. In general, the figures 
show that there is a reduction in these transition temperatures with 
increase in comonomer content. .
Increases in the mole ^ comonomer content in each branched low- 
density polyethylene generally produced overall reductions in crystallinity 
melting ranges and crystallite sizes together with increases in the 
a-dimension. This general trend was also confirmed by the crystallite 
sizes obtained from the 200 profiles. The unit cell b-dimension followed 
the pattern of being virtually temperature invariant and showing little 
variation with either change in comonomer or its relative abundance.
The general behaviour of the various ethylene copolymers appeared 
to depend upon the group or ester added. The comonomers added to the 
polyethylene chain were 3.3 dimethylbutene 1, and vinyl, acrylate and 
methylacrylate esters. The values of crystallinity, crystallite size 
and the a-dimension respectively were approximately the same for
i?
each polymer having the same ester added. The addition of a tert-butyl 
group at the end of the short side chain formed by each of the esters 
mentioned above produced little difference in these sets of three values.
6.3.2.2 Alignment Order
Pole figures were obtained from the 110 and 020 X-ray reflections 
from low density polyethylene having 1.4 mole fo methyl acrylate, 0.9
mole °p t-butyl methacrylate and 0.9/^  vinyl pivalate branches. Samples 
were rolled to various reductions and subsequently annealed at 100°C, 
pole figures being obtained in each case.
•Figures 6.8 to 6.10 and 6.11 to 6.13 show pole figures for the 
polymers having the methyl acrylate and t-butyl methacrylate comonomers 
respectively. In each case, the samples were cold-rolled to give an 
85°p reduction, and the textures were determined immediately upon rolling, 
after relaxation at room temperature (after a period of several days 
at least), and then after annealing at 100°C. The behaviour was the 
same in both cases.
In Figures 6.8 and 6,11, the ( l io )  pole figures show three 
maxima along the transverse direction, bra at about 60° tq, and one around 
the sample normal, whilst the (020) pole figure has two maxima along the 
transverse direction at 90° to the specimen normal. In Figures 6.9 
and 6.12, illustrating the relaxed texture, the ( l io )  pole figures show 
three elongated maxima along the transverse direction, two at angles of 
about 65° on either side of, and the third around, the specimen normal. 
The respective (020) pole figures show four maxima along the trans­
verse direction, two at an angle of 35° and two at an angle of 90° 
to the specimen normal. The interpretation of figures showing similar 
pole distributions have been described by Lewis et al who reported
on the rolling textures of rolled high and low density polyethylene.
The retained ’as rolled1 texture thus appears to be predominently a 
(lOO) [001] texture, whilst the room temperature relaxed texture is 
a (lOO) [001] texture together with (310) twinning.
Annealing at 100°C produced a delocalization of the ( l io )  maxima 
from their positions in the TI)/SN plane together with rotation about the 
transverse direction. The (020) pole maxima lie along the transverse
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direction at 90° to the sample normal. These pole distributions show 
a reversion to the (100) [001] texture.
Figure 6.14 shows the pole figures for the polyethylene with the 
vinyl pivalate comonomer. The polymer was rolled to a 75/<> reduction, 
and in common with the two materials described above, showed only a 
(lOO) [001] texture, the reduction being too small to invoke 310 twinning. 
All the samples rolled to these smaller reductions exhibited the same 
texture as lightly rolled low density polyethylene.
The pole figures for these branclied low crystallinity copolymers 
do not show the same sharp resolution as that observed for the higher and 
'low-density polyethylenes by Lewis et al.
6.4 Discussion
13
Whilst the C M R  spectra indicate that the copolymerisation 
method employed by Mortimer introduces the intended branches, it also 
shows that branches normally associated with low-density polyethylenes, 
are also present.
M R  spectroscopy can be used to give information about short- 
branch distributions, but in the case of these copolymers, numerical 
analysis was very difficult. The relative positions of the branches on 
the backbone also causes changes in the positions of the
spectra from which there was evidence that clustering occurred among 
the branches formed in the copolymers examined. The branching clusters 
would tend to behave in a fashion similar to that of very large branches. 
With such an arrangement, the more complicated branching accumulations 
would be too large for accommodation within the crystalline regions.
The amorphous regions would thus tend to.become more disordered with more 
possibilities of cross-linkages. This arrangement would explain the
Fig. 6.14 (110) pole figure - ethylene copolymerised with 
vinyl pivalate - 75% reduction upon rolling.
differences between the structures of these copolymers and those of 
low-density polyethylenes (LLPS). The relatively high crystallinities 
and the elastomeric behaviour of these copolymers, described above, 
follow as a consequence of the clustering of the branches and the location 
of the clusters in the amorphous regions.
The behaviour of the various branched copolymers was found to 
be similar to that of low-density polyethylene (LDPE). The structural 
order characteristics (crystallinity, crystallite size and a-dimensions) 
of these copolymers, show that they can be grouped according to whether 
the comonomer contains a vinyl ester, an acrylate ester or a methacrylate 
ester. However, the addition of branched chains instead of linear chains 
appeared to have an effect so small that, if present, it was obscured 
by the scatter in the data. Molecular weight effects were minimized by 
using samples, except in one case, having Melt Indices between 0.7 and 
6.0. Had the branches been incorporated within the crystalline regions, 
they would have affected both the crystallinities and unit-cell b- 
dimension to a much greater extent than indicated by the values reported 
above.
The effects of the molecular variations on changes in the align­
ment order resulting from cold-rolling were not very marked. Although 
generally similar to that of Alkathene, the textural behaviour of these 
polymers did exhibit some differences. Apart from the occurrence of 
less pronounced textures, the presence of 310 twinning appeared only 
after some relaxation had taken place. The substitution of branched 
short side branches for linear side branches produced minimal change in 
texture.
The deformation behaviour of the copolymers described above, may 
be compared with that of high density polyethylene (ELOPE) and low density
polyethylene (LDPE) reported by Lewis et al (310) twinning is
observed after the severe cold rolling of all three types of polyethylene. 
However, the deformation process is less simple in the copolymers and 
HDPE than in LDPE. In the copolymers, this type of twinning occurs only 
after relaxation when left at room temperature for a period of time 
whilst annealing at relatively high temperatures (about 110°C) subsequent 
to rolling is required for HDPE.
The twinning in LDPE is an immediate deformation process and occurs 
upon the passage of the polymer through the rollers. The effects of 
drawing followed by the rolling of LDPE have been studied by Hay and Keller 
who found the processes produced a (lOO) [001] texture together 
with.(310) and/or ( l io )  twinning. They explained these deformation 
modes by suggesting that the (lOO) [001] texture was the primary con­
sequence of the rolling, and that twinning arose on removal of the roller 
pressure. During heavy rolling, the material is elongated in the trans­
verse direction whilst the rollers are actually in contact with the 
material, and this causes some elongation of the amorphous chains in 
the same direction. The elastic energy, stored in the amorphous 
component whilst the roller pressure is applied, is released as the 
roller passes on. The stored energy provides compressive forces in the 
transverse direction which are responsible for the twinning.
This process is not possible at room temperature in HDPE since 
the amount of amorphous material (< 15^) is too small to generate 
sufficient compressive force to cause twinning. As the polymer is heated, 
however, the crystalline lattices become less rigid and, at some temper­
ature, the compressive forces, although probably also changed by temper­
ature rise, become adequate for the initiation of twinning.
In the case of the heavily rolled copolymers, it is suggested
that the relaxation time prior to the occurrence of (310) twinning 
results from the clustering of the branches and their location within 
the amorphous regions. Compared with the siting of the small linear, 
branches in LDPE, this arrangement of branching provides more physical 
interactions -between the extended amorphous chains so making movement 
difficult. Such interactions may include the effects from some forms 
of cross-linking. The relaxation period thus indicates a slow release 
of the energy stored in the amorphous content of the copolymers, the 
length of the relaxation period providing an indication of the effective­
ness of the branches in opposing the transverse compressive forces which 
activate the deformation twinning.
The occurrence of (310) twinning in these copolymers has
conformed to the general deformation behaviour of bulk polyethylene in
which the twinning mode appears to depend on the extent of the deformation,
high stresses giving (310) twinning and low stresses ( l io )  twinning.
In the case of low stressed polyethylene single crystals, it has been
suggested that the twinning mode is defined by the fold surface geometry
(lOO)- and (llO)-fold surfaces giving rise to (310) and ( l io )
twinning respectively. In bulk polyethylene, the fold surfaces have
been reported as being predominantly (lOO) type , which does not
adequately explain either type of twinning. However, in the case of
highly drawn or heavily rolled polyethylene, the morphology of the
samples are changed, the lamellar structure being replaced by a micro-
(277)
fibrillar structure . A s  the microfibrils have minimal fold
surfaces, it would appear that the (310) tv/inning occurs when there are 
no or only ill-defined fold surfaces . Thus it would appear that
upon heavy rolling, the structures of the crystalline regions of the 
copolymers are changed from lamellar to microfibrillar. The release of
the large amount of stored energy by the contraction of the amorphous 
material is inhibited by the presence of the branch clusters and the 
relaxation phenomena are symptomatic of delay in the onset of twinning.
The general observations reported above appear to be consistent 
with Mortimer’s studies on the variation of the tensile modulus with 
mole cJo content of the comonomer in the polymer. He found that this 
variation depended only on the $ content and not on the molecular shape 
of the branches. However, he found that the tensile fail stress (UTS) 
and tensile impact stress were both increased by the addition of tert- 
butyl groups to the linear branches, the delineation between the tensile 
properties of the polymers having the two types of brandling, being 
well defined.
Since the branches are predominently situated in the amorphous 
regions, the addition of tert-butyl groups to the linear branches would 
have been expected to have only minor effects on such properties.
6.5 Conclusions
When considering both the results of this work and those of 
Mortimer, it appears that many of the properties of low crystallinity 
ethylene copolymers are not affected very much by the branching, partic­
ularly when those properties are mainly dependent on the crystalline 
fraction of the polymer. However, larger and noticeable deviations 
are observable when large deformations, e.g. rolling or breaking point 
phenomena are involved. These properties are controlled more by the 
amorphous fraction than the crystalline fraction and it appears that 
some of the relaxation behaviour,'etc. can be explained in terms of the 
location of the branches in the amorphous region. These branches are 
probably clustered and may, in some cases, form cross linkages as in 
elastomers, so inhibiting the onset of the (310) twinning by opposing
the compressive forces which cause the twinning.
CHAPTER 7
GENERAL CONCLUSIONS
7*1 General Conclusions
The range of structural order existing in the atomic aggregations 
in solid materials has been found to be very wide and has extended from 
the nearly perfectly crystalline to the semi-crystalline and the amorphous. 
Of the many analytical methods used in the characterisation of the
disordered state, it is only those based on the utilisation of scattering
Ve­
da ta obtained from X-ray, electron and neutron experiments that ha^
provided a unifying theme.
In the case of crystals in which the amount of disorder is small,
for example the presence of non-coherent inclusion platelets, the concept
of an ’average* lattice,in which the atomic displacements are small and
may be regarded as static, is valid. Disorder of this type will modify
the diffraction pattern by the attenuation of the Bragg reflections and
the introduction of diffuse scattering similar in kind to that arising
from thermal vibrations. In the case of more severely deformed crystals
it is no longer sensible to regard the lattice disturbances in. such a
way and the interpretation of the diffraction patterns is now made in
terms of ’strain’ and ’crystallite size’, the measurements of which
quantities are made using only the Bragg reflections. A third well
defined state is that of the amorphous solid, examples of which are the
glasses including the metal glasses and amorphous metals and alloys
(279) ..
such as Ni-P . This state is completely different from the previous
two and is not attained by the progressive disruption of a crystal. It
is characterized by the absence of translational symmetry amongst the 
atoms, the more probable arrangements having been described by Bernal 
and his group . The diffraction patterns given by solids in this
state are best interpreted by the use of the Debye interference function, 
in terms of radial electron distribution functions and nearest neighbour 
separations. There is, however, a fourth case in which the disorder 
appears to be intermediate.between those outlined in the second and third 
cases above. The general atomic arrangements here are assumed to be 
mainly crystalline, or at least paracrystalline, the interpretation of 
the diffraction patterns becoming more difficult.
In the work described in the previous chapters, the samples 
could be said to consist of finely divided powders with specific surface 
areas exceeding 1 m /g. It may also be seen that the degree of disorder 
attained in the comminution products was never as great as that shown 
in most of the samples initially crystallized in the most finely divided 
form. Neither the impact ball-milling of alumina, ceria, diamond and 
nickel nor the explosive deformation of alumina produced the degree of 
disorder exhibited in (i) ceria and nickel powders produced by thermal 
and chemical decompositions respectively, (ii) synthetic diamond 
resulting from carbon phase changes (iii) bone apatite the crystallization 
of which is controlled by the biological environment of the mineral and 
(iv) ethylene copolymers caused by the added complication in the long 
chain packing due to the presence of branches. In short, the disorder 
produced by the breaking-down processes was less than that resulting 
from building-up processes.which occurred under conditions inhibiting 
crystal growth shortly after nucleation.
The disorders shown by these two groups of materials match those 
in the second and fourth categories described above. The disorder shown
by members of the second of these two groupings of materials was, with 
the exception of the polymer, found to be best described by the para- 
crystalline model of Hosemann. The resolution of the diffraction patterns 
obtained from the branched ethylene copolymer was similar to those 
typical of most bulk polymers and was too poor for accurate detailed 
interpretation.
The Debye interference function was used in the computation of 
polycrystalline diffraction profiles for samples having very small 
crystal sizes and a wide variety of defects, especially in the case of 
Raney nickel. A number of difficulties were encountered when attempting 
comparison between the computed and experimental profiles. Experimentally, 
unknown amounts of incoherent X-radiation from the specimen and fluorescent 
X-radiation from the monochromatizing crystal are incident upon the 
counter. Computationally, there are limits to the demands that can 
be made upon even the largest and fastest of computers, and these limits 
can soon be reached by increase in crystal size and the compounding of 
defects. The main difficulties, however, surround the choice of model 
for computation. Whilst experience and physical intuition can be of 
some guide as regards crystal size, there is little to indicate the 
possible combination of defect types or the defect concentrations. It 
can well be imagined that completely different models produce rather 
similar profiles although it was seen that, of all the variables, crystal 
size has the greatest effect on the profiles.
The models used for computing, and consisting of a random 
assembly of small crystals which have some specified type or types of 
lattice disorder of specified amounts, appear rather too simple when 
considering the evidence from other sources about the nature and behaviour 
of the materials investigated. Questions may well be posed about the
stability of small crystals of sizes close to the critical stability size 
appropriate for the crystallization conditions used. It is known that 
Raney nickel ages with the loss of hydrogen and an increase in crystal 
size. The shock-quench synthetic diamond was shown to be accompanied by 
small amounts of Lonsdaleite whilst the black coloration may well be 
associated with the presence of 'free* carbon. Considering the great 
ion mobility within the body, the sizes of the bone apatite crystals 
remain remarkably constant despite their known great reactivity, the 
stability being attributable, no doubt, to subtle biochemical mechanisms.
The need for a further possible modification to the simple computational 
model arises from the large free surface energies associated with very 
small crystals which can very rapidly become contaminated with impurities 
such as hydroxyl ions. Despite these difficulties, the computation of 
diffraction profiles, based on the very general Debye interference function, 
can, as shown in this work, supply useful indications about the structures 
of very defective materials.
Both the synthetic diamond and bone apatite alignment order 
appeared to be established during crystallization with no change occurring 
in response to applied mechanical stresses. When comparing different 
bones or different sections of the same bone in mature animals, the changes 
in alignment order were found to be relatively small. Although different 
stress patterns were to be anticipated in the various bones examined the 
alignment order seemed to be governed more by the complex nature of cortical 
bone whose structure is essentially based on the collagen fibres. This 
structure is the most economical for the living composite members to 
serve in their multi-function roles. The alignment order shorn by the 
branched polyethylene, however, changed when the material was subjected 
to heavy rolling. The branched polyethylene behaved in a way similar to
that of alkathene, a low density polymer, and reflected the structural 
changes which also occur in such severe mechanical treatments which 
disrupt the lamellar packing of the long-chain molecules to give a 
fibrillar arrangement. The inclusion of the branches caused the polymer 
to behave more like an elastomer by modifying the behaviour of the amorphous 
component in the polymer.
7.2 Future Work
This account shows that a considerable amount of work still 
remains to be done with regard to the interpretation of diffraction profiles 
from very small crystals. In such cases the description of the defective 
structures in terms of either the formally recognised defects such as 
dislocations, vacancies, etc., or strain and crystallite size has proved 
to be conceptually difficult. Computationally, all these crystalline 
properties are expressed by parameters which, taken together, form atomic 
co-ordinate distribution functions. Hence, it may be more sensible to 
substitute mathematical descriptions of disorder for these pictorial 
(geometrical) defect models which have been devised for the nearly perfect 
crystalline state and whose properties may well be some unknown function 
of the disordered state. The substitute description would be in terms 
of statistical correlation functions, an example of which is given in 
Figure 7.1.
Figure 7.1 (a) represents a probability function for the 
separation distance between nearest neighbours in ah atomic aggregate.
The repeated self-convolution of this function produces the distribution 
function shown in Figure 7.1 (b). This curve gives an indication of a 
small grouping of atoms showing short-range order. These functions can 
be used not only to specify states of order of a system but also as a
Fig. 7.
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Inter-atomic separation distribution functions
(a) Nearest neighbour separation distance probability 
function where a is the most probable distance
<b) Distribution function obtained by self-convolution 
of function shown in (a). ‘
basis for the calculation of configurational energy and entropy and hence 
of the equilibrium state as a function of temperature.
In order to describe the defect structures giving rise to 
observable diffraction profiles in terms of statistical correlation 
functions, or inter-atomic distance distribution functions, it is necessary 
to know how these functions affect computed diffraction profiles. Secondly, 
it is necessary to know that a proposed function represents a physically 
acceptable model. Thus it would appear appropriate, as a first step, to 
determine the functions for several generally accepted types of defect 
structure. For example, it may be suspected that in a contaminated 
material the impurity atoms are located near the crystal surfaces. In 
such a case, various distribution functions and the corresponding com­
puted profiles can be obtained and the latter compared with the observed 
diffraction profiles. From exercises such as this, a case history can 
be built and more confident interpretations of the observed profiles would 
be possible.
In view of the sizes of crystals encountered in most solid 
materials, both naturally occurring and manufactured and the importance 
of powders in the service of man, the behaviour of polycrystalline materials 
must always be of great interest. A general review of the literature 
shows that authors tend to be interested in one material at a time.' Micro- 
structural studies of the changes accompanying mechanical and annealing 
treatments have been made for a number of groups of materials, in partic­
ular, metals alkali halides 9 oxides and carbides
( PR]
together with materials showing phase changes . In addition to the
last group, which could well be extended, several other groups deserve 
attention. These include semi-conductor compounds, materials of magnetic 
and electrical interest and various alloys possessing superlattice structures.
Of more special interest are the microstruetures of various splat 
cooling products and vapour-quenched metal films such as Ag - 52 at fo Cu
(?a?)
, and the products of vapour and thermal decompositions and electro­
deposits.
Interest in basic biological structures such as collagen will 
probably continue to grow whilst there is an added environmental aspect 
attached to the study of respirable particles. In certain cases cell 
damage has been attributed to the semi-conductor properties of dry-ground 
particles
Neutron scattering has, to date, been used in the study of 
defects in neutron irradiated materials only by the use of transmission
is)methods . Apart from investigations of various magnetic structures, 
neutron diffraction has not been used for the examination of materials 
with defect structures. Due to the poor resolution so far achieved, line 
broadening techniques have not been used with powder diffraction profiles. 
With increased neutron fluxes sufficient improvement in resolution should 
be attainable for the employment of neutron diffraction in such structural 
investigations.
APPENDIX A .
The Debye Interference Function
The amplitude of the radiation diffracted by an object consisting of 
N atoms is given by
N
A(s) = £ fp exp(-2iris.xp) (1)
1
2Sin0where s is the scattering vector and is given by |s| = — -—  . 0 is the
A
semi-angle between the incident and scattered beams of wavelength A, f^ is
ththe scattering factor of the p atom whose position with respect to some 
arbitrary origin is x^.
The intensity of the diffracted radiation from the object is
I j^ s )  = I A(s) 12 = A (s ) .A * (s )  (2)
N N
= £ fp exp (-2Tris .Xp) x f exp (2iris .x^)
1 1
N N
= I I  fpfq exp[-27ris. (xp - x )]. (3)
1 1
The intensity must be a real quantity. When p = a, there are N terms 
whose sum is I^p^» When p =}= q> there are N(N - 1) terms of which two 
correspond to given pairs of numbers p and q. One is the complex conjugate 
of the other and their sum is
f f {Cos [2irs.(x - x )] + Cos[2irs.(x - x )]}
p q  -  -p -q J -  -q -p
Setting r as the vector from atom p to atom q, the intensity becomes 
N
V S) =  ^ fp2 + fpfq W
1 p q
Cos(27rs.r ) *= -  -pq
For a sample containing random orientation of the constituent 
diffracting objects, equation (4) becomes
N _ _ _ _ _  (5)
Vs) = I fp + I I fpfq C o s ^ s . ^ )
1 P q
where the average of the cosine term is given by
01=77 _<f)=27T
(Cos2irsr Cosoi)27rSinct dad<J>_
Pq 2tt
a=o cf)=o
Sin(27rsr )
. = pq
2irsr
pq
where a is the angle between s and r and <f> is the azimuthal angle.
The Debye interference function is given by
N , N o * f  r \ Np q Sm(27rsr )
L t(s) = < DD* > = Z Z f f  -rr------- r ^ -  (6)
« , , p q (27rsr )
P=1 q=l F ^ pq
where <DD*> is the molecular or crystallite interference function. For a 
molecule or crystallite containing one kind of atom, equation (6) can be 
written in a more convenient form. If Iq is the intensity of the unpolarised 
incident radiation and Ig is the intensity of the radiation scattered by an 
electron, equation (6) becomes
N _ sin (2irsr )
<I> * I <DD*> = I { Z f -5---—  }o e _ p 2irsrp=l * P
= IeNf2i(s) (7)
where i(s) is the normalized intensity function or the Debye interference 
function per atom and is given by
/In equation (8) np is the number of interatomic distances of length 
rp, n^ being counted twice between any two atoms.
For a molecule or crystallite having two kinds of atom, equation (6) 
takes the form
N N
p 9 Sin(2irsr ) q 9 Sin(2iTsr )
< I > = E f -------------+ I f  --------2-
p=l P 2irsr q=l q 2irsr
p q
N N \p q (2iTsr )
+ E E f f Sin  ESL. p £ q
p=l q=l P q 2irsr
9 9 Sin(2irsr ) 9 ' Sin(27Tsr )
= N f + f En --------E- + N f + f E n ---------- 9-
P P P P 27rsr q q q q
p 27rsr
q
Sin(2irsr )
+ f f En --------22-
P q Pq 2-rrsr
pq
9 Sin(27rsr ) 9 Sin(27rsr )
= f {N + En --------2-} + f {N + En --------
P p p 2TTsr q q q 27rsr
Sin(2irsr )
+ f f Sn — .— e i _
p q pq 2irsr
pq
Normalizing with respect to the predominating atom (p say), the 
Debye interference function (8) takes the following form
N f 2 _ Sin(2irsr )
= i + _a + I Zn  E-
1{B) 1 N f N p . 0
P P P 27rsrp
+ I  f a 2Zn Sin(2TtSrq) + 1 f t  Zn Sin(2^srpq) (9)
c a M  -F
APPENDIX B 
The radial electron density distribution
The reduced radial electron density distribution function may' be
obtained from the measured intensity, I , as follows. I must be correctedJ m* m
for incoherent scattering, polarisation, etc., to give the unmodified 
scattered intensity, I (in electron units). The modified intensity (I) is 
related to the atomic arrangement, expressed as a continuous function, by means 
of the Debye interference function (Equation 7 of Appendix A). The relationship 
is given by
I = f2{l +
r 00
4irr2(p-po)Si^ kr) dr} (1)
where r = radial distance from an arbitrary atom at the origin.
p = number of atoms in a unit volume at a distance r from 
the origin
PQ = average number of atoms per unit volume.
k = 2tts where s =
3X = X-ray wavelefjrth.
2The quantity 47rr pdr is the number of atoms m  the spherical shell
2between r and r + dr, and the quantity 4Trr (p-pQ) is the deviation of the 
radial atomic population from the average value.
It is convenient to introduce the reduced intensity function
r
?(k) = k(^- - 1) = 
f2
47rr(p-pQ) sin(kr)dr (2)
o
The reduced radial distribution function, G(r), may thus be determined 
by an inversion of equation (2) to give
G(r) = 47rr(p-pQ) = ~  I F(k)sin(kr)dk (3)
'o
= 8tt s
o
I  - l] sin(27rsr)ds (3a)
Appendix C
In this thesis and in most of the literature reviewed units have 
been quoted mainly in the e.g.s. system. For the quantities most 
commonly appearing, conversion to the S.I. system may be facilitated 
by use of the following table.
Quantity
Units Conversion
factor
(a) 
e.g.s.
(b) 
S.I.
Atomic distances Angstrom nm icT 1
Youngs modulus -2ergs cm N nf2 icT3
Specific surface 
area
2 -1 cm .g
2 -1 m .g
m2.kg 1 
m2.kg 1
io”1
l<f3
Surface energy Cals.cm 2 
-2ergs.cm
J.nf2
J.m”2
4.2 x l(f4 
io“4
Specific surface 
energy
“1ergs.g J .kg 1 lo“4,
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The Effect of Temperature on Microstrains 
and Crystallite Growth in Alumina
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The effects of temperature on the microstrains and crystallite growth in milled alumina 
have been examined, using a modern method of X-ray diffraction profile analysis. The 
microstrains may be relieved by annealing at temperatures between 600 and 1000° C, and 
this relief is accompanied by crystallite size growth. Isotropy was observed with regard to 
the residual stresses and cleavage properties, in the milled crystals.
1. Introduction
There has recently been a considerable effort 
devoted to the measurement of microstrains in 
materials normally considered brittle. These 
microstrains have been shown to exert consider­
able influence on the physical and chemical 
properties of such materials. For example, it has 
been demonstrated that the induced microstrain 
energy produced by the grinding of alumina is 
significant, compared with the surface free 
energy of the particles [1 ], and this has also been 
shown for yttrium iron garnet [2], The effects of 
cold-working on the characteristics of tungsten 
carbide powder has been reported with reference 
to the importance of microstrains in the sintering 
of tungsten carbide in the manufacture of tool 
tips [3].
It therefore seemed worthwhile to examine the 
influence of temperature on the microstrains and 
crystallite sizes produced in alumina by grinding, 
and to extend the work on this material initiated 
by Lindley [4].
2. Experimental Details
High purity alumina powder was deformed using 
a Glen Creston M 280 vibratory mill, the grind­
ing cylinder and ball also being made of alumina. 
Several batches of powder were deformed, each 
to a different amount, by varying the times of 
grinding. From each batch of milled powder, 
samples were annealed at different temperatures for 
a period of 1 h. The range of annealing tempera­
tures extended from room temperature to 
1500° C.
Prolonged annealing of a sample of milled 
powder from batch 1 was carried out at a 
temperature of 750° C. This temperature was 
selected as being one near the centre of the region 
of microstrain relief and also near the onset of 
caking [7],
The microstrains, and corresponding crystallite 
sizes, were measured, both for the cold-worked 
and the annealed samples, using X-ray line 
broadening methods. Chart recorded profiles 
were obtained using a Philips powder diffracto­
meter with Ni-filtered CuKa radiation. The 
slowest scanning speed of ^°/min in deviation 
angle, 26, was chosen.
It has recently been shown that most of the 
modern methods of X-ray profile analysis give 
comparable results with regard to microstrains 
and crystallite sizes [5]. The integral breadth 
method of Wagner [6] was selected for this work 
as being the easiest to apply to alumina, with its 
many overlapping reflections. In this method, the 
broadening, j8s*, due to the presence of micro­
strains and due to the reduction in size of the 
coherently diffracting domains, is obtained by 
subtracting the instrumental broadening, fii*, 
from the total broadening, /3 t * ,  by means of the 
equation
D * _ O * _ (^ I^ )2 m
]8t* ’
where
o* P  c o s 9 o .
P = — r ~  ;
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fi =  integral line breadth; 60 =  Bragg angle 
corresponding to the peak of the reflection; 
A =  wavelength of X-rays. Values for the micro­
strains, ehkl, and crystallite sizes, Z>pp, are ob­
tained using the equation
(A**)2 = 1(£PF)S +
lbe/jfcj2 sin20o 
A2 (2)
Plots of (A*)2 against (dhkl*)2 [ =  (2 sin 9JX)2] 
are made, and multiple orders must be used, so 
that the microstrains and crystallite sizes in 
particular directions are obtained individually. 
The slopes of such plots give 4 e hkl2, and the 
intercepts on the (A*)2 — axis give (1/Z)PP)2. 
Only three reflections were found to offer two 
usable orders of reflection, i.e. (0112), (1120) 
and (1123) (hexagonal indices), because of the 
overlapping of reflections and intensity consider­
ations.
3. Results
Fig. 1 shows the variation of microstrain and 
crystallite size with temperature, and includes
1500
7 0
,0112
6 0
0<
5 0 1000Q
.1120
.4-0 - 1123
50 0  &
1-0
250 50 0  750 1000  1250 1500
TEMPERATURE °C
Figure 1 Effect of annealing on m icrostrains (e) and 
crystallite sizes (DPF). Annealing time w as 1 h. Filled 
sym bols, m icrostrains, open symbols, crystallite sizes.
curves for the three sets of reflections. Below 
500° C, only a small amount of microstrain was 
relieved, with little increase in crystallite size. 
The rate of microstrain relief increased above this 
temperature, and in the range 600 to 1000° C, a 
maximum was reached. The whole process is 
similar to that observed during the annealing of 
metals. Crystallite sizes increased from the initial 
values of about 200 to 300 A  in the cold-worked 
state, to about four times those values, at tempera­
tures in excess of 1250° C.
An examination of the three sets of curves 
reveals the existence of anisotropy both in the 
microstrains and crystallite sizes, produced by 
the ball-milling of the powder. The greatest 
microstrains and crystallite sizes_were obtained 
for directions normal to the (0112) planes, and 
the least for directions normal to the (1123) 
planes. As the annealing temperatures were 
increased, the differences between the micro­
strains and the crystallite sizes for these two sets 
of planes were reduced. This indicates that high 
temperature annealing produced a powder of 
isotropically and weakly strained crystallites, 
which were approximately equiaxed.
Similarly shaped curves were obtained for the 
other two batches of powder, having different 
initially induced microstrains. Table I shows the 
ratios of the microstrains for the three sets o f  
reflecting planes in respect of each cold-worked 
condition of the powder. The corresponding 
ratios are also shown for the crystallite sizes. In 
each case, the ratios are nearly a constant.
Ball-milling times for the three batches of 
powder were 30, 13, and 6 h respectively, but 
prolonged grinding up to 120 h produced no 
further increase in microstrains or reduction in 
crystallite size, indicating a strain saturation for 
these particular conditions of milling.
Fig. 2 shows the variation of microstrains and 
crystallite sizes as a function of time for pro­
longed annealing at 750° C. An exponential 
relationship appears to hold.
4. D iscussion
Because of its low impact strength, alumina is 
generally considered to be a brittle material, with
T A B L E  I Ratios of m icrostrains and crystallite sizes in different crystal directions
e0lT2/cll?3 ci llf o/ei 1ST 3 ^ 0112/ ^ 11^3 D u ?  ol Jail's a
B atch 1 1.5 1.1 1.6 1.1
B atch 2 1.4 1.1 1.5 1.2
B atch 3 1.4 1.1 1.3 1.1
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Figure 2  Effect o f prolonged annealing at 750° C. Filled 
sym bols, m icrostrains, open sym bols, crystallite s iz es.
brittle-ductile transitions occurring in the regions 
of 900 to 1000° C for single crystals [8] and 1300 
to 1400° C for polycrystalline specimens [9]. 
However, low temperature plastic flow has been 
reported for massive specimens. For example, 
deformation twinning has been observed at 
temperatures as low as —196° C [10] and under 
conditions of hydrostatic compressive stresses 
[11 ], whilst slip bands have been seen to result 
from room temperature wear experiments [12]. 
X-ray microbeam studies on polycrystalline 
alumina have shown that fracture is accompanied 
by plastic flow [13]. It was found that the highly 
distorted regions extended to a depth of some 
10 fim, and the less distorted regions to about 
60 ixm.
In all such cases, however, the plastic flow 
appears to have been localised within narrow 
regions some 5 to 50 [xm across. From these 
considerations, it can be assumed that the X-ray 
line broadening can be attributed, at least in 
part, to plastic flow in the milled alumina 
particles, whose dimensions are orders of 
magnitude smaller than those of the strained 
regions observed in the deformation phenomena 
mentioned above. It is not to be assumed, 
however, that the strain distribution will be 
uniform throughout the crystallites; it may well
vary in a manner similar to that of other milled 
powders [14].
It has been suggested by Stokes and Wilson
[15], that, if the assumption of an isotropic stress 
distribution is made, the average strain measured 
from an (hkl) reflection can be related to the 
Young’s modulus, Ehkh appropriate to crystal 
directions normal to the hkl planes. They sug­
gested the equation ehkl x  EhU =  a constant, 
<jh1ci, where ahM is called the stress function. 
Assuming no stacking faults, the stress function 
was calculated for the directions normal to the 
{0112}, {1120} and {1123} planes. The values 
of Ehkl were calculated from the standard 
expression involving the compliances, sih whose 
values were obtained from Huntington
[16]. Table II shows the values of the stress 
function for the fully strained condition of all 
three batches, and for two annealed conditions of 
batch 1. The table shows that, for each condition 
of the powder the stress function is approxim­
ately constant.
Fig. 3 shows, for the three batches of milled 
powder, the curves obtained by plotting 
lo g (l/eAfcI) against log dhkl, where dhkl is the 
interplanar spacing of the hkl planes. These 
curves have very nearly the same slope. Table III 
shows the ratio, N, of the crystallite size, DPF, to 
the interplanar spacing, d. N  is seen to be 
approximately constant for the three batches, 
indicating that, although the crystallite size 
exhibits anisotropy, the number of reflecting 
planes does not.
Thus we see that, in any of the crystallites 
produced by the milling, residual stresses and the 
number of interplanar spacings are isotropic. 
The fact that the stresses are isotropic may 
follow from the fact that the conditions in a ball- 
mill may be regarded, in some circumstances, as 
giving a hydrostatic type stress [17]. The fact that 
the number of interplanar spacings is isotropic 
seems to imply that the cleavage properties of the 
planes are also isotropic in these very small and 
highly deformed crystals.
Hey and Livey [18] have noted that the kinetics
T A B L E  II V alues of the stress  function for cold-worked sam ples, and for two annealed sam ples
h kl E hu  x  10u  N m -2 Stress function, a =  E nn  x  enn  x  107 N m ~ 2
Batch 1 Batch 2 B atch 3 B atch 1
750° C  1000° C
0 1 1 2  2 M  175 112 53 107 51 ~~
1 1 2 0  3.45 160 110 59 107 57
1123  3.69 159 110 55 100 49
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Figure 3 The relationship betw een microstrain and inter­
planar spacing.
of crystal growth over the temperature range 600 
to 900° C obey a relationship Dn — Dn0 =  Kl, 
where D  is the crystallite size at various times, t, 
and n has a value of seven to ten, one factor being 
the purity of the material. The overall results 
obtained in this work do not agree well with such 
power laws, the rate of growth during the early 
stages being relatively much greater than the later 
rates. These differences indicate a more complica­
ted relationship, and may be explained by the 
presence of considerable microstrains in the 
crystallites in the early stages of growth. The later 
stages of crystallite growth would be more 
influenced by surface area effects and it is these 
later stages which are in better agreement with 
the law of Hey and Livey. The crystals investigated 
by Hey and Livey were strain-free.
It has been shown, by Anderson and Morgan 
[19], that water vapour at low pressures will have 
large effects on crystal growth rates in MgO at 
temperatures around 1050° C. These effects were 
not investigated in the present work. The water 
vapour conditions were the same in all 
experiments.
T A B L E  III The number of Bragg planes, N, for the cold- 
worked sam ples, in different directions
hkl N--
Batch 1
= Dhklldhkl 
Batch 2 Batch 3
0112 81 123 145
11 2 0 84 142 175
1123 86 135 187
5. Conclusions
Alumina can be induced to give considerable 
X-ray line broadening by grinding. Integral 
breadth profile analysis indicates that micro­
strains form the main contribution to this line 
broadening, and that ground alumina exhibits 
considerable anisotropy in its behaviour as 
regards the presence of microstrains, and the 
reduction of crystallite size. The microstrains 
may be relieved by annealing between 600 and 
1000° C, and this relief is accompanied by 
crystallite size growth. Isotropy was noticed with 
regard to the residual stresses and cleavage 
properties in the milled crystals.
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THE STRUCTURE OF A SHOCK-QUENCHED DIAMOND
E. J. Wheeler and D. Lewis 
Department of Chemical Physics 
University, of Surrey 
Guildford Surrey England
(R e c e iv e d  M a rch  3 1 ,  1975; R e fe r e e d )
ABSTRACT
Microstructural study of an explosion shock-quench synthetic dia­
mond has revealed that a large proportion of the crystallites in 
the polycrystalline particles were strongly oriented. The texture 
was found to be a three-fold [112] arrangement with the common 
[112] axis normal to the particles. The textures are thought to 
result from graphite (0001) to diamond (112) transformations under 
the synthesis conditions employed. Structural transitions between 
the two carbon phases are discussed.
Introduction
Polycrystalline diamond may exist in a number of forms. It may be ob­
tained as a loose powder which is the residue following the milling or crush­
ing and grading of both natural and synthetic diamond and boarts, or in com­
pact form as ball as, carbonado and some types of synthetic diamond. The use 
of diamond grit for machining operations has become so extensive that the need 
cannot be met from natural sources and so considerable efforts have been made 
to produce synthetic diamond suitable for such purposes.
One process employed in diamond synthesis is the shock-quench method. 
Graphite single crystal particles are dispersed in a metal matrix, normally of 
iron or copper, which acts as a heat sink to quench the effects of the high 
temperatures produced by an explosion, so preventing the reconversion of the 
carbon back to graphite after the passage of the high pressures. The product 
of this process is usually a mixture of monocrystals and polycrystalline par­
ticles, the properties of each being close to natural diamond and the rare 
natural carbonado respectively.
Whilst the properties and structure of mono crystal line diamond have been 
extensively investigated, polycrystalline diamond has, by comparison, received 
little attention. The microstructures of both natural and synthetic ballas
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(1,2) and caibonado (3,4) have been examined whilst plastic flow has been ob­
served in the bort, framesite (5). X-ray line broadening has been used to 
study disorder induced in loose powders by mechanical working (6) and neutron 
irradiation (7). Structural examinations of rapidly formed diamond have been 
made by Lipschutz (8) who studied meteoritoid diamond, and Trueb (9) who, 
using electron microscopy, studied shock-quench diamond which he found to be a 
multi-phase mixture of single crystals and poly crystal line compacts showing 
strong preferred orientation.
The present studies were carried out to examine the structure of shock- 
quench diamond which, on account of the method of preparation and its reported 
crystallite size, is a unique material. It is of considerable interest both 
as an abrasive of technological importance and also as the product of a direct 
graphite to diamond transformation occurring under exceptional physical con­
ditions. Doubt has been expressed whether the direct graphite to diamond 
transformation is a solid state reaction. Instead, a fluid type phase has 
been suggested as being an intermediate state between the two carbon poly­
morphs (10). No structural relationships between the parent graphite and the 
diamond product have so far been reported so that no clues have been found 
regarding mechanisms or possible atomic movements. It was hoped that a 
detailed study of shock-quenched diamond might help to resolve these questions.
Method and results
The present studies were carried out on commercially available shock- 
quenched diamond grit in the size range 0-1 micron*. Samples were examined 
using both X-ray diffraction and electron microscopy.
X-ray diffraction studies
X-ray powder diffraction photographs showed that the material was multi­
phase, the main component being cubic diamond. The lines corresponding to the 
other constituents were, in general, either so weak or broad that unairbiguous 
identification was impossible. Whilst some of the few additional sharp low 
angle lines coincided with lines in the graphite pattern, none corresponded to 
lines in the patterns of hexagonal diamond (Lonsdaleite), iron or copper.
Powder diffractometry was used to obtain traces of the five reflections 
given by cubic diamond with copper Ka X-radiation. The profiles of the ref­
lections were found to be asymmetrical, particularly at low angles, the asym­
metrical broadenings occuring on the low and high angles sides of the 111 and 
220 reflections respectively. These effects were considered genuine since a 
specimen holder only 50 microns deep was used to reduce any asymmetry intro­
duced by the low X-ray absorption of carbon, and they were sufficiently large 
to prevent interpretation of the pattern either by integral line breadth, 
variance or Fourier methods. Assuming symnetrical0profiles, the Scherrer 
relationship gave a crystallite size of about 100 A.
Electron microscopy studies
A large number of electron micrographs and corresponding selected area 
diffraction patterns were obtained from a wide range of particles. No par­
ticle thinning procedures were carried out. It was observed that single crys­
tal electron diffraction patterns were obtained from 75% of particles less 
than 1000 K across, whilst particles larger than this nearly always gave
* A Dupont shock-quenched diamond marketed by Messrs. Van Moppes & Sons Ltd., 
Basingstoke, Hants, England, under the trade name 'Supersyndia’.
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polycrystalline patterns. It was also found that some 40% of the patterns from 
the polycrystalline particles assumed a characteristic appearance, an example 
of which is shown in Fig. 1, whilst another 25% of the patterns appeared to be 
related, showing only parts of the pattern, presumably as a consequence of 
either variations in particle thickness or accident during the shock-quench 
process.
FIG. 1
Electron diffraction pattern from a single particle 
of shock-quenched diamond with indexing diagram
A typical pattern, shown in Fig. 1, suggests that a large proportion of 
the crystallites in the particle show strong preferred orientation. The pat­
tern is too symmetrical to conform with a simple fibre texture. It does not 
show uniform distributions of intensity around powder rings, extended arcing or 
spot arrangement on 'layer* lines in the manner to be expected if the fibre 
axis were respectively parallel, inclined or perpendicular to the electron- 
beam. The pattern, however, can be interpreted as resulting from a three-fold 
rotation of a cubic [ll2] or a hexagonal [lOlOj single crystal pattern, one of 
the three [112] or [1010] patterns being generally more intense than the other 
two. From the X-ray evidence, however, it was concluded that the crystallites 
were, in the main, cubic diamond, thus making the hexagonal [lOlO] explanation 
unlikely.
Confirmation of this proposed texture was obtained from the examination 
of dark-field images from the 111 reflections. When comparing the dark-field 
images from the six prominent reflections on the innermost ring, it was found 
that reflections lying diametrically opposite (180° apart) originated from 
crystallites in the same regions of the particles, the regions differing for 
each pair of reflections. It was also confirmed from the corresponding dark- 
field images that the most intense pair of 111 reflections resulted from a 
diffracting volume larger than those contributing to either of the other two 
pairs of 111 reflections.
In all cases, the regions contributing to a dark-field image were found 
not to be continuous. Fig. 2 shows that the diffracting zones consist of non-
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uniformly dispersed crystal­
lites. It was also found 
that the three pairs of 111 
dark-field images accounted 
for most of the particle. 
High-magnification dark-field 
images revealed that the dif­
fracting regions contained 
considerable sub-structure 
and that they consisted of 
coherently diffracting do­
mains of sizes lying in the 
range from about 20 A to 
about 200 A. Whilst there 
was no indication of the aci- 
cular crystal habit or of the 
fibre orientation observed by 
Trueb (9), many of the crys­
tallites were lying in 
ordered arrangements.
This was inferred from 
the presence of fringe sys­
tems, probably Moirl fringes 
arising from double diffrac­
tion. These fringes often 
revealed misalignments which 
either resulted during the shock transformation or were present in the parent 
graphite.
In addition to the main textural pattern, other isolated reflections oc­
curred, particularly on the 111 ring, showing the presence of either larger 
crystallites or crystallite groups in other orientations. In addition, some 
selected area diffraction patterns showed a pattern of spots additional to the 
main three-fold [112] system. The spots belonging to this subsidiary pattern 
were broad and showed streaking always in a direction parallel to the [ill] di­
rection of the strongest [112] pattern and sometimes also to the [ill] direc­
tion of a second [112] pattern. This subsidiary pattern was interpreted as a 
Lonsdaleite [1120] texture with the [0001]-direction also parallel to the main 
[ill]-direction mentioned above.
Dark-field images of this second texture showed that the Lonsdaleite was 
widely dispersed throughout the particle and was in the form of thin plates 
about 10-20 A thick and 14) to 100 A across, the plate thickness also agreeing 
with streak lengths.
The maximum tangential extent of the reflections from any particle never 
exceeded 7° which gave a range within which the preferred orientation was con­
fined. Tilting experiments showed that the main textural patterns persisted 
for tilts up to 40 , from which an average crystallite size of 40 A parallel to 
the electron beam was estimated.
Discussion
Allowing for the fact that the samples for X-ray diffraction included both 
monocrystalline and polycrystalline particles, the crystallite sizes given by 
X-ray diffraction, always weighted towards the larger sizes, is consistent with 
the range of values given by electron microscopy. The asymmetry of the X-ray
FIG. 2
Dark-field image of the shock-quenched 
diamond particle giving the diffraction 
pattern in Fig. 1. Image obtained using 
one of the strongest 111 reflections.
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lines may, in part, be explained, upon the evidence of the electron patterns, 
by the presence of very broad Lonsdaleite lines. In the case of the 111 re­
flection, the asymmetry does not suggest stacking faults in the cubic diamond 
structure.
It was suggested by Anders (11) that any diamond produced by the applica­
tion of a shock wave down the c-axis of a graphite single crystal will show 
strong preferred orientation related to the morphology of the graphite crystal, 
so that the high incidence of the three-fold [112j texture must be significant­
ly related to particle morphology. Hence, it would appear that these particles 
had at least one fairly flat face which was parallel to the carbon support film 
and also to the basal planes of the original graphite particles.
An explanation of the main graphite-diamond transformation is as follows. 
The structural relationship between the [112] diamond orientation and the basal 
parent graphite orientation is shown in Fig. 3. The analogy with the planar, 
boat and chair carbon atom arrangements of organic chemistry can readily be 
seen. Comparison of the bond lengths between carbon atoms lying in the two 
types of plane shows_that the diamond bond length parallel to <110> directions 
differs from the <1120> type graphite bond lengths by only about 2%. On the 
assumption that, upon transformation, a graphite <1120> bond becomes a diamond 
<110> bond, then a graphite {1010} plane becomes a diamond {111} plane. Fig. 3 
also shows that there are three <1120> directions, 120° apart, in the graphite 
basal plane so that there are three possible orientations for a [112] diamond 
crystal and the threefold nature of the pattern follows.
Other textures have been reported for poly crystalline diamond. Trueb and 
Barrett (10) found that natural ballas diamond has radial distribution, each 
radius showing a [llO] fibre texture whilst natural carbonado showed random 
orientation (1). Trueb (9)_reported that a mixed phase shock-quench diamond 
had a combined [110] | | [1120]pjex fibre texture normal to the electron beam, 
the crystallite morphology being acicular. Trueb (9), however, observed crys­
tallite habits other than acicular. Different varieties of particle morphology 
and crystallite habit result from variations in either the conditions employed 
in the explosion shock-wave synthesis (12) or in the parent graphite, e.g. 
changes in particle size, shape or substructure. Such variations may well 
account for the various textures reported such as that described by Trueb and 
that observed in this investigation.
The [112] texture described above may be obtained either by a direct 
graphite-diamond transformation or by way of the hexagonal phase. The graphite 
-Lonsdaleite transformation was proposed by Bundy and Kaspar (13), the two_car­
bon hexagonal polymorphs being structurally related with the two b- or < 1210- 
axes parallel and the Lonsdaleite [000l]-axis parallel to the graphite [1010]- 
axis. The Lonsdaleite basal planes are thus normal to the graphite basal 
planes. The transformation can be achieved by the relative displacements of 
adjacent pairs of <1210> rows together with relative shears on alternate 
graphite basal planes as shown by the arrows in Fig. 3.
The Lonsdaleite is suitably orientated for a second diffusionless trans­
formation, most likely activated by the passage of Shockley partial disloca­
tions, so that the close-packed Lonsdaleite basal planes become close-packed 
{111}-type diamond planes normal to the original graphite basal planes. The 
wurzite-cubic diamond structure relationship has also been observed in boron 
nitride, and forms part of the graphitic-metallic transformations which result 
from pressure and temperature variations in the iso-electronic series occurring 
in both the Group IV elements and III-V compounds.
692 SHOCK-QUENCHED DIAMOND V ol. 10, No. 7
(a)
C ------H
(b)
[112]
[ill]
(c)
FIG. 3
Diagram showing relationship between 
(a) graphite, (b) Lonsdaleite, and (c) diamond; 
shown with same scale and orientation
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The [lio ] J | [ll20]HSiK fibre texture described by Trueb can also be re­
lated to the original graphite orientation by way of the relationship between 
the <1120>-type bonds in graphite and Lonsdaleite and the <110>-type bonds in 
cubic diamond, described above. These axes are parallel in the transformed 
materials, both the Lonsdaleite and cubic diamond crystals have random orien­
tation about this common axis. Trueb does not attempt any detailed explanation, 
of possible transformation processes. It is possible that the differences be­
tween this work and that of Trueb may arise from the fact that the earlier 
Dupont synthetic diamond examined by Trueb was predominantly hexagonal diamond, 
whereas the diamond examined here was almost entirely cubic.
Conclusions
A study of the microstructure of a poly ciys tall ine diamond formed by the 
explosion shock-quench method shows that the process can give a predominantly 
cubic diamond product, crystallizing with a three-fold [ll2] texture, a texture 
not previously reported. The crystallites had sizes in the range 20-200 X. A 
small proportion of a second diamond phase, the hexagonal Lonsdaleite, was also 
present, in the form of very platy crystallites some 10-20 A thick and having a 
texture intimately related to that of the cubic diamond. The presence of this 
second phase, together with other probable inpurities, prevented a detailed 
analysis of the X-ray line broadening and so no measure of the defect 
concentration was possible.
The structural relationship between the graphite and the diamond polymorphs 
can be explained, for suitably oriented graphite crystals subjected to the ex­
plosion shock-quench process, in terms of a martensitic transformation, the 
transformation being either direct or through the intermediate high-temperature 
Lonsdaleite phase. This would only require relatively little energy. However, 
we are only reporting the beginning and end structures of the material here.
The shock method of synthetic diamond formation has considerable transient en- 
ergy, probably sufficient to break and reform carbon-carbon bonds and overcome 
nucleation barriers, so that these results do not provide information concerning 
intermediate processes. More thermodynamic data would be required to determine 
the actual transformation mechanisms.
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